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INTRODUCTION 
The problem of protein synthesis in the living organism 
ia one #iich has long challenged investigators in the fields 
of animal and plant metabolism* The solution of this problem 
has, during recent yeara, assumed a role of major importance, 
with the growing realization that the processes operative in 
normal tissue protein synthesis may be quite similar to those 
involved in the formation of genes, enzymes, viruses, anti­
bodies and neoplasms® 
Prom the accumulated studies of the physical, chemical, 
and biological properties of proteins have emerged several 
rather basic experimental conclusions -evhich must be considered 
in the elucidation of a mechanism for protein synthesis. 
Chief amongst these are (1) that proteins consist, in the 
main, of '^(-amino acids united by means of peptide linkages j 
(2) that very precise differences exist not only between the 
proteins of different species of animals and plants, but 
between the proteins of the different organs of a single 
species, indicating that the synthetic process must be hi^ly 
specific; and (3) that the process of peptide bond synthesis 
requires energy since the reverse process of hydrolysis pro­
ceeds spontaneously and almost to completion under the proper 
conditions * 
•"2"* 
AS regards the pathway of peptide bond synthesis in 
vivoa one of the most interesting, and probably the oldest 
theory of the synthesis is that the process is, in essence, 
a reversal of proteolysis catalyzed by the same proteolytic 
enzymes responsible for the hydrolytic reaction. Such a 
proposal is in agreement with one of the fundamental con­
siderations of catalysis which requires that a substance 
(catalyst) capable of altering the velocity of a reaction in 
one direction must exert a similar effect on the velocity 
of the reverse reaction (I)-! 
Because of the many difficulties inherent in studying 
the action of proteolytic enzymes vivo, especially with 
respect to any potential synthesizing action, complicated 
as such studies would be by other simultaneous metabolism, 
reactions, recourse must be made to simple, isolated systems 
wherein the reaction under consideration can be investrgated 
free of confounding factors. Although such simplified sys­
tems or "models" may be more or less "non-biological" in 
nature, the results derived from their study, when tempered 
by the realization that, at best, they represent but a portion 
of a complex entity, may be of significance in unravelling the 
complicated pattern of protein synthesis and proteolytic 
enzyme action. 
(1) iernst, "Theoretical Chemistry" 4th English ed. p. 617. 
Macmillan and Go. Ltd., London. 1916. 
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The demons tr at ions by Bergxaann and associates (2-7) that 
certain acylated amino acids and peptides under the catalytic 
influence of various proteolytic enzsymes of the catheptic 
type react with aniline, phenylhydrazines- or amino acid 
anilides to form peptide bonds, have provided a system which, 
although limited to acme extent toy the no,n~biologlcal nature 
of some of the substrates, does meet the criteria of isolation 
and simplicity desirable in a working model. Such a system 
is a flexible one as well, since alterations of both the acyl 
group and the amino acid residues are possible and thus the 
effect of these changes on the ability of the enzyme to 
catalysse peptide bond synthesis may be followed. A further 
discussion of the work of "Bergmann'a ^roup with respect to 
the specificity and energetic considerations of the reactions 
has been reserved for the Historical section. 
Along- v.dth investigations of enzymic peptide bond syn­
thesis in vitro, it is of interest to examine the control of 
these reactions by employinb various substances with known 
or potential inhibitory properties, Iffiowledge of this type 
may be of manifold value, since, if the mode of action of the 
I2) Bergraann'and Pr"a8nk©l-Gonrat, J. Biol. Chem., 119, 707 
(1957). 
(3) Bergmann and Fraenkel-Gonrat, ibid», 124, 1 (1938). 
(4) Bergmann and Behrena, ibid.» 1S4, 7 (1938). 
(5) Behrens and Bergmann, ibid«, 129, 587 (1939). 
(6) Pruton, Irving and Bergmann, ibid«, 133, 705 (1940). 
(7) Behrensy Doherty and Bergmann, ibid», 156, 61 (1940). 
inbllDltors on the enzyme is known, it may be of aid in deter­
mining the mechanism of tne enzyme action as well as th© 
essentiality of certain active centers of the enzym©# In 
addition it ia concei-ffable that information derived from in 
vitro inhihition studies may he carried over, to some extent, 
to the control of t;rowth and in vivo peptide bond synthesis* 
In essence^ the investigations reported in this thesis 
were concerned with the preparation of a variety of acylamino 
acids and the determination of the conditions influencing 
their abilities to undergo peptide bond (anilide) formation 
as catalyzed by the proteolytic enzyme, papain. Many of the 
corresponding acylamino acid amides were also prepared and a 
few of these subjected to hydrolytic enzsrme studies in a 
search for possible correlations between the factors governing 
synthesis and hydrolysis. In addition, studies concerned with 
the inhibitory effects of a number of compounds on several of 
the synthetic reactions, as well as attempts to determine the 
groups in papain essential for its synthesizing properties, 
will be discussed* 
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HISTOEICAL 
Models and Theories of Peptide Bond Synthesis 
As might well be expected from the challenging nature of 
the probleuij a rather voluminous literature concerned with 
attempts to elucidate the probable mechaniRm of protein ayn-
theais, based on either e^cporimental or hypothetical grounds, 
or on both, exists. Since the aubject has recently been re­
viewed by Horthrop (8), and earlier reviews on more or leas 
specific phases of the problem have been presented by 
Wasteneys and Borsook (9), Alcook (10) and Rergmann and 
Pruton (11), only the salient features of some of the previous 
investigations will be dealt with. Greatest emphasis will be 
placed on the work related most directly to the investij^ationa 
reported herein* 
Mention has already been made in the introductory remarks 
that any suggestion pertaining to the mode of biosynthesis of 
peptide bonds must account for both the specificity and the 
energetics of the reaction. Observations that the hydrolysis 
(8) Northrop, Kjinitss and Herriott, "Crystalline Enzymes". 
8nd edo Columbia T.In3.versity Press, Hew York. 1948 . 
(9) Vifasteneys and Borsook, Physiol* Rev., 10, 110 (1930), 
(10) Alcock, Physiol. Rev», 16, 1 (1936), 
(11) Bergraann and Fruton, Ann S.Y. Acad. Sei., 45, 409 
(1943-44). 
of peptide linkages in proteiaa and simple peptides pr-oceeds 
spontaneously and practically to corapletion in the presence 
of auitablQ en25yines, as well as mineral acida and bases, in­
dicates that proteolyaln involves a decrease in free energy, 
and thus, the reverse process of peptide bond synthesis is 
an energy-requiring one.'""" Some moans muat therefor© be 
provided Ta/hereby this energy can be raade available* 
The idea that proteins might be synthesized by the action 
of proteolytic enzymes or. amino acids or theM.gher products 
of proteolyai3 is not new. Waateneys and Borsook (9) have 
reviewed the earlier work as well as their own investigations, 
dealing with the attemptn to reverse proteolysis vitro by 
the action of pepsin or trypsin on peptic digests of proteins. 
Evidence for peptide bond synthesis included a decrease in 
amino nitrogen content^ the formation of an insoluble pro~ 
tein~like compound called "plasteln", and the ability of 
pepsin to digest plastein under proper pH conditions. The 
reaction, in the main, seems! to be limited to pepv^in and 
trypsin, although Haddock and Thomas (12) have obtained 
"~i CalculatiojQ of the atandaZ'd free energy of forraation of 
leucylglycine from the component amino acids, has 
indicated that approximately 3000 calories per mole 
are necessary for the synthesia of a peptide linkage, 
(Borsook and Huffman, in Schmidt, "Chemistry of the 
Amino Acids and Proteins". 2nd ed. p« 865. Charles 
C. Thomas, Springfield, 111. 1945). 
(12) Haddock and Thomas, J. Biol. Chem., 144, 691 (1942). 
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plaatein by the action of papain on peptic digests of insulin. 
The former authors have applied the mass action law to the 
reaction to indicate that with favorable concentrations of 
reactants and products, the hydrolytic reaction should be 
readily reversible. Alcock (10} and Bergmann and Pruton (11) 
have criticized the conclusions drawn by Wasteneys and Boraook 
on the grounds that peptide bond synthesis was not definitely 
established, that the optimum pH for synthesis differed mark­
edly from that for hydrolysis, and thus, the reaction was not 
a simple reversal. Furthermore, the fact that the original 
proteins from which the peptic digests v/ere derived were not 
resynthesized indicates the lack of specificity of the reaction 
and Invalidates the application of the mass law treatment to 
the results# This criticism follows from the fact that the 
expression of Wasteneys and Borsook {9)j 
protein + HgO • ^ products. 
implies that an equilibrium exists between a specific pro­
tein and its split products. If this expression is to be 
considered valid, the products on undergoing recombination 
must then yield the same protein from which they were orig­
inally derived. Such la definitely not the case. More 
recently, Northrop (13) has reported that peptic digests of 
pepsin and trypsin yielded plaateins having neither enzymatic 
activity nor the general properties of the enzyme protein 
(13) Northropa J. Gen. Phyaiol. 50> 577 (1947). 
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from which they were derived. Both Polley (14) and Eoker (15) 
have determined the molecular wei^t of plaatein and have 
shown this value to be under 1000, 
Studies involving reversal of proteolyais of a somewhat 
different nature than that of plaatein formation have been 
carried out by Voestlin and associates (16) who investigated 
the effects of oxygen tension, sulfhydryl groups and pH on 
the reversal of proteolysis In tissue autolysates and papain-
fibrin digests. They Indicated that apparent protein syn­
thesis took place at high oxygen tensioii, at a pH close to 
neutrality, in the presence of a relatively high concentration 
of sulfhydryl groups. The sulfhydryl groups gave rise to the 
formation of disulfides which, they concluded, were probably 
essential for the synthesis. Low oxygen tension and low pH 
favored proteolysis. Bergmann and Pruton (11) have questioned 
the conclusions regarding pH and sulfhydryl compounds. Such 
concluaions, they pointed out, were contrary to the obasrva-
tlons of Bergmann and Praenkel-Conrat (2) Ts&ich indicated that 
the pH optima and activation requirements of proteolytic 
enzymes were the same for both the hydrolytic and synthetic 
reactions, i.e., both required sulfhydryl groups and took 
place at the same pH. With regard to the specificity of the 
Tl4) Folieya Biochem. J*, 99 (1932)» 
(15) Ecker, J. Gen. Physiol., 50, 599 (1947). 
(16) Voegtlin, Maver and Johnson, J. Pharmacol. Ejcptl. 
Therap., 48, 241 (1935) 
reverse reaction* no experimental proof v/as forthcoming which 
might have Indicated that the proteins, from, which the digests 
were obtained, were resynthesized on oxygenation* Linderstr/^ffi-
Lang and associates (17, 18) reported they were unable to 
duplicate the results of Voegtlin's group. 
The investigations of Bergmann and eo-workers (2-7) on 
the en25ymic synthesis of peptide bonds from simple acylamino 
acids or acylated peptides and aniline, substituted amino 
acid anilides or phenylhydrazine have already been referred 
to in the introductory statements. The general equations for 
these reactions may be written: 
(a) For simple acylamino acids and aniline (or phenyl-
hydraaine) 
R^C0-1?HCH{R^)C00H + HgN-CgHs ^ R^CO-HHCH(R^ )CO-.HH-06H5 
(b) For acylated peptides and amino acid anilides 
R^O-KHCH(R^)CO-HHCH(R®)COOH + i%NCH(R'^)G0-NH«CgH5 y-
R ^  0- MC H (R2 ) C 0-NHCH (R®) C O-MHCH (R^) C 0-NHC gHs 
It should be pointed out that combinations other than th® two 
given above, e.g# acylamino acids and amino acid anilides, 
and acylated peptides and aniline, are also possible» In 
addition, as will be indicated below# the course of reaction 
(b) does not necessarily follow that indicated in the above 
equation-
(17) Linderstr/m-Lang and Johanaen, Enzymolo^la, 7, 239 
(1939). 
(18) Strain and Linderstr/^m-Lang, Enzymologia# 7, 241 
(1939). " 
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Tb© above reactions, as "models" of peptide bond synthesis, 
are of Interest from several standpoints; in the first place, 
because of the simple nature of both products and reactants, 
definite proof of peptide bond synthesis is possible| secondly, 
because of tb© insolubility of the anilides, the conditions 
are greatly in favor of the synthetic reaction and the neces­
sary 'driving force" is thus provided; and thirdly, there la 
evidence that the reaction is specific with respect to both 
the optical configuration of the acylated amino acids or pep­
tides and the nature of the amino acid residues. In addition, 
several proteolytic enzymes, including papain, bromelin, pig 
liver cathepain and chymotrypsin (19) are capable of catalyz­
ing the syntheaia. Recent studies by Fox and Halverson (20) 
have indicated that the catheptic enzyme, ficin, was also 
capable of bringing about the synthesis. 
With regard to the antipodal specificity of the reaction, 
it was early demonstrated by Bergmann and Praenkel-Conrat (2) 
that the use of acyl derivatives of DL-alanine, DL-leucine, 
and phenylalanine in the reaction led to the formation of 
the acyl-^amino acid an Hide only, leaving the acyl-D-amino 
acid in solution. These results have been confirmed and the 
method has been used for the resolution of several raceraic 
amino acids. That the specificity is not complete has bean 
"flSl Bergmann and B'ruton, J« Biol. Chem., 124, 321 (1938). 
(20) Fox and Halverson, Unpublished experiments. 
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indicatod by Behrens and associates (7) who found, on employ­
ing an especially active preparation of papain, that acetyl-
D-phenylalanylglycine, as well as acetyl-D-phenylalanyl-L-SSSS SSSS wSS 
leucine and cfjpbobenzoxy-D-phenylalanylglycina, gave the cor­
responding anilidea when incubated with aniline. However, 
a comparison of the rates of reaction of both forms showed 
those of the D-forras to be much lower than those of the cor­
responding L-iaomers» Recent studies by Bennett and Niemann BBlK 
(21), who utilized carbobenzoxy-DL-o-fluorophenylalanine and 
phenylhydrazine, and by Stevens and Milne (22), who employed 
several racemic carboallyloxy amino acids and phenylhydrazine 
as substrates, also indicated that the D-isomers participated 
in the reaction, but to a lesser extent than the L forms. 
Some indications have also been advanced by Bergmann^a 
group that the nature of the amino acid residue in the acylated 
compound or in the amino acid anilidea also influenced the 
course of the reaction. Behrens, Doherty, and Rergmann (7) re­
ported that neither acetyl-^pbenylalanyl-^proline nor acetyl-
D-phenylalanyl-L-proline reacted with aniline in the presence 
of papain-cysteine, which is indicative, perhaps, of the need 
of a hydrogen atom on the peptide nitrogen or, possibly, 
of the solubility of the anilide. Bergmann and Fraenkel-
Conrat (3) pointed out that the reactions between benzoyl-^ 
'(21) Bennett and 'Niemann, J» Chem. Soc«, 70^ 2610 (1948). 
(22) Stevens and Milne, Private communication. 
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leuclne with L-leucinanilide or with glycinanilide in the 
scss 
presence of papain are illustrative of the highly developed 
specificity of enzymic peptide bond synthesis since, in the 
former case, henaoyl-^leucyl-^leucinanilide was formed, 
whereas in the latter reaction, henzoyl-_^leucinanilide and 
not benaoyl-I^leucylglycinanilide was obtained. Apparently 
the latter reaction was not a simple hydrolysis of the anilide 
to glycine and aniline and later reaction of the free amine 
with the benzoyl-L-leucine, since* as has been indicated by 
Behrena and Bergmann (5), glycinanilid© was not split by 
papain under ordinary conditions. These workers reported a 
similar reaction between acetyl-^phenylalanylglycine and 
glycinanilide to ultimately yield acetyl-_^phenylaianylglycin-
anilide, as v/ell as glycine, aniline, and some unreacted atart-
ing materials# In order to account for these products they 
proposed the following sequence of reactions: 
acetyl-L-phenylalanylglycine + glycinanilide 
acetyl-L-phenylalanylglycylglycinanilide ta I 
ace tyl-Ij-phenylalanylglycylgly cine + aniline 
"" t 
acetyl-L-phenylalanyltjlyGine + glycine 
~~~ 
acetyl-L-phenylalanylglycinanilide wcx 
Such a scheme is of interest since it is not only illus­
trative of the simultaneous synthesis and hydrolysis of peptide 
bonds catalyzed by the same enzyme under the same conditions 
of pH, activation, etc., but is also indicative of certain 
~1S~ 
specificity relationatjipa. Thus, -,vhil© slycinanilide is not 
hydrolyzed hj papain, it reacts with acetyl-L-phenylalanyl-
glycine to give acetyl-L-phenylalanylglycylglycinanilide 
whose specificity relationship towards 1±ie enzyme is such that 
aniline, and then tjlycine, can be split off the peptide chain-
The free aniline is then available for further reaction to 
form the final anilide as sho\ira in the above sequence. 
In line with the previously mentioned observation *-.>Tat 
the formation of an insoluble product provided the necesaary 
"driving force" for the synthesis of peptide bonds (anilides) 
in vitro, Bergmann and Fruton (11) have suggested, that 
'similarly, the energy required for peptide bond synthesis In 
vivo may be provided, in part, by the ramoval of insoluble 
products• They gave as examples of such products the insol­
uble proteins, collagen and elastin. Northrop (8) has dis­
cussed the work of several groups of 3,nvestigators which in­
dicated that proteins accumulate at surface layers and inter­
faces as insoluble products, and that the molecules present 
at the surfaces could act to regulate the formation of more 
identical molecules. In addition, he suggested that this 
regulated formation of insoluble products satisfied both the 
specificity and energy requirements for protein synthesis, 
VJhile this might well be true with regard to the specificity 
pi'oblem, some question can be raised as to whether the energy 
requirement is actually met, except for those proteins known 
-14-
to 130 Insoluble dn iDiological fluids. Since thermodynamic 
conaiderations reqiiire that tha free energy of a specific 
reaction be the same regardless of the pathways taken in going 
from reactants to producta, then in order to aocount for th© 
formation of soluble proteins via insoluble intermediate 
energy inuat of necsasi-fcy "ba provided for the conversion of the 
insoluble forma to the soluble forms. Thia follows from th© 
fact that the net free energy of formation, in solution, of 
a protein from amino acids or peptides is positive. 
An alternative means for providing the necessary ener^ 
for peptide synthesis in vivo was advanced by K'ergraann and 
Pruton (11) who postulated that the process is coupled with 
energy yielding reactions. According to their proposal, th© 
energy liberated by hydrolytic or oxidative reactions could 
be coupled, by means of common intermediates, to the energy-
requiring j^Kthetic reaction. Tha functions of phosphorylated 
compounds in carbohydrate metabolism have been indicated by 
Meyerhof (23) and Kalckar (24) and it is conceivable that the 
energy derived from these respiratory processes can be linked 
to the processes of protein synthesis. That such mi^^ht be 
the case was indicated in 1940 by Borsook and Dubnoff (25) 
(23) Meyerhof, Ann* H.Y. Acad. Sci., 377 (1943-44). 
(24) Kalckara ibid«, 45, 395 (1943-44). 
(25) Boraook and Dubnoff, J. Biol. Chem. 132, 307 (1940). 
"15«-
who reported the synthesis of hippurlc acid from benzoic acid 
and glycine In the presence of rat liver nllces, InhibStion 
of the respiratory processes "by addition of cyanide to the 
reaction mixture also inhilDlted the synthetic reaction, in­
dicating that ayntheaia and respiration v^ere closely hound. 
In a recent Reries of papers dealing with the synthesis 
of p-aminohippuric acid from ^ -aminobenzolc acid and (glycine 
in the presence of rat liver a licea ajnd liver homogenatse, 
Cohen and McGilvery (26, 27, 28) have Indicated that the re­
action is closely associated v^ith the citric acid cycle and 
that 0nerg,y liberated di;rin|- oxidation of citric acid cycle 
components can be transferred through a coiwmon intermediate 
to the synthesizing system. They further indicated that such 
intermediate was probably adenosine triphosphate and the mech­
anism of energy transfer raay have Involved either the forma­
tion of p-ar-inobenzoyl phosphate (acyl phosphate) or of N-
phosphoglycine (amide phosphate)? the peptide bond could then 
be formed by the release of phosphoric acid. Further papers 
dealing, with the role of adenosine triphosphate In peptide 
bond synthesis have recently been published by Bloch (29) and 
by Speck (30)• The former investigator indicated the need for 
X26") Cohen and McGilvery, J. Biol* Chem»» 166, 261 (1946). 
(27) —. ibid«, 169> 119 (1947). 
(28) —— ibid.> 171, 121 (1947) • 
(29) Bloch, J. Biol* Chem,, 179, 1245 (1949). 
(30) Speck, Ibid., 179, 1387, 1405 (1949). 
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ATP in the aynthsais of glutathione in liver bomoisenatea while 
the latter pointed out that ATP reacta atoichiometrically with 
gluamata and axmnonia to yield glutaraine, ADP and phosphate 
ion. 
The question as to whether proteolytic enzymes were in-
!3truraental, in part, in bringing about the formation of peptide 
bonds in any of the above reactions which couple peptide bond 
synthesis and energy yielding systems is aa yet unansv/.sred. 
If, as has been suggested by Lipmann (31), the acyl phosphates 
of amino acids, i«e», amino acid phosphates, function instead 
of amino acids as intermediates in protein synthesis, then in 
order to uphold the role of proteolytic enzymes in peptide 
bond synthesis, it would seem that their ability to utilize 
amino acid phosphates as substrates must be demonstrated. 
Conversely, the presence of amino acid phosphates in nature 
must also be demonstrated. The recent work of Neurath and his 
group (32,33,34) which indicated that trypsin, chymotrypsin and 
oarboxypeptidase possess esterase activity, demonstrated that 
proteolytic enzymes are not necessarily restricted in their 
hydrolytlc action to peptide groups. Therefore, if proteolytic 
enssyraes were capable of splitting amino acid phosphates, the 
(31) 3:4.pmann« Advances in Enzymol*» 1, 99 (1941). 
(32) Schwert, Heurath, Kaufman and Snoke, J. Blol» Chem., 
172, 221 (1948). 
(33) Snoke, Schwert, and Meurath, ibid., 175, 7 (1948). 
(34) Kaufman, Neurath and Schwert, ibid., 177, 793 (1948). 
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©nergy obtained from such hydrolysss should be more than ample 
to account for that necessary In forming th© peptide bond. 
It ia also conceivabl© that if the energy of hydrolysis of 
amino acid esters ia greater than that required for peptide 
bond synthesis, then these too may function as possible inter­
mediates • 
In addition to amino acid phosphates or H-phosphoamino 
acids aa possible Intermediates in protein synthesis, Lin-
derstr^^m-Lang (35) has suggested a mechanism involving amino 
acid aldehydes ft Herbat and Shemin (36) have indicated that 
c(-ketacyl amino acids, e.g., pyruvyl alanine, yield dipeptides 
(alanylalanine) on transamination and ml^t thus function in 
protein synthesis. 
Several theories have recently been advanced to account 
for the vivo formation of genes, viruses, enzymes and 
antibodies by autocatalytic reactions* These have been 
reviewed by Uorthrop (8). According to these theories, each 
molecule of a protein acts as a model or "template" for self-
duplication, the amino acids or other intermediates aligning 
themselves along the template molecule in a predetermined 
manner, While such a mechanism readily accounts for the 
specificity of protein formation, the energetics and the 
process by which the peptide bond is formed between the 
(35) Linderstr;im-Lang, Ann, Rev, Biochem., 8, 37 (1939), 
(36) Herbst and Shemin, J, Biol, Ghem,^ 147, 541 (1943), 
-18« 
"Intemediates" are still left unsolved. It is of interest 
to speculate that a possible solution to these latter problems 
lies in invoking high energy intermediates, e«g»ji amino acid 
phosphates or N-phospboamino acids, instead of amino acids, 
to account for the energetics, and proteolytic enzymes as the 
agenta which ultimately effect closure between these inter-
mediates to form the peptide linkages*. 
Inhibition of Peptide Bond Synthesis 
The value of employing compounds of knoTO or potential 
enzyme inhibiting properties as tools for determining the 
mechaniam of enzymic reactions as well as for controlling 
enzymic reactions both vitro and 2^ vivo has already been 
indicated in the introductory remarks. However, before dis­
cussing the applicability of inhibitors to the present in­
vestigations, It might be appropriate to review briefly some 
of the general considerations of enzyme action. 
It is a generally accepted concept in both the fields 
of biological and non-biological catalysis that a catalyst 
exerts its accelerating effects on a reaction by union with 
the substrate in such a manner as to reduce the energy of 
activation of the reaction. The earliest indication regarding 
the probable nature of the complex formed between enzyme 
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and. substrate was advanced by Fischer (37) when he postulated! 
his now classic "lock and key" hypothesis which indicated that 
there must be a particular "fit" between an enzyme and its 
substrate before reaction can occur. A quite similar theory 
was proposed by Ehrlich (38) to explain toxin^antito^cin re­
actions. This "receptor theory" has been widely promoted, 
with modifications, in the field of immunology to explain 
antigen-antibody reactions, c.f* Landsteiner (39). The 
polyaffinity hypothesis of Eergmann (40), advanced to explain 
the antipodal specificity of peptidases» may be considered an 
outgrowth of Fischers early postulate. 
Many of the present concepts concerne<3 with the nature 
and specificity of enzyme reactions, and founded in part on 
the effects of Inhibitors, assxime that enzymes contain 
"active centers" or essential gi'oups (41) which can combine 
in a highly specific manner with the substrates. The exact 
nature of the complexes formed between enzymes and their 
substrates still remains somewhat obscure. Baylias (42) has 
postulated that the enzyme first absorbed the substrate and 
(57) Fis'cher, Ber77 2985 (1894). 
(38) Ehrlich), "Studies in Immunity". 2nd ed. John Wiley 
and Sons, Inc.* Hew York. 1910. 
(39) Landsteiner> "The Specificity of Serological Reactions" 
Revji ed., Harvard University Press, Cambridge. 1947. 
(40) Bergmann, Harvey Lectures, Ser. 51, 37 (1935-36). 
(41) Tauber> ^^Ihe Chemistry and Technology of Enzymes" John 
Wiley and Sons, In&.> New York. 1949. 
(42) Baylissj "The Nature of Enzyme Action". Longmanns Green and 
Co., London. 1919® 
that the action then took place at the interface. The raath-
ematioal treatment applied by Michaelia and Menten (43) 
suggested the possihllity of a chemioal union. However, as 
has been pointed out by Haldane (44), the present Icnowiedge 
of adsorption phenomena indicates that a sharp line of de­
marcation between chemical and adsorption reactions does not 
exist, and at times, differentiation between the two la 
difficultfe 
jg^lokar (45) has discussed the poaaible union between 
enzyme and substrate through groups capable of forming a 
resonating system# He indicated that stabilization of the 
complex by resonance might account for the lowering of the 
energy of activation. Rothen (46) has recently indicated 
that ©nzymea may act on substrates at diatancea greater than 
100 his experiments having demonstrated that layers of 
certain polymer films did not protect bovine albumin from the 
action of trypsin and pepsin. He concluded that direct contact 
between enzyme and substrate is not necessary, that enisymatic 
action may originate through a field of forces resulting from 
(43) Miohaeiis Bioohem. 49, 333 (1913). 
(44) Haldane, "Enzymes" Longmans Green and Co., London. 1930. 
(45) Kalckar, in Green, "Currents In Biochemical Research", 
p» 229* Interscience Publishers, Inc., Uew York. 
1946, 
(46) Rothen> J. Biol. Chem.. 165, 345 (1946). 
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the extended resonators suggested bj London. Spectroscopic 
evidence for the formation and breakdomi of an intermediary 
enzyme-substrate complex during the action of catalase on 
monoethyl hydrogen peroxide has been presented by Stern (47). 
In general, the action of inhibitors on enzymatic re­
actions may be classified under two headings depending on 
their effects on the velocity of the reactions. The first 
type, competitive inhibition, involves a direct relationship 
between inhibitor and substrate such that an increase in the 
concentration of the substrate tends to reduce the degree of 
inhibition. Usually there exists a close chemical or struc­
tural relationship between the substrate and its inhibitor, 
the inhibition apparently resulting from competition between 
the two compounds for the same active centers of the enzyme. 
Roblin (48) has recently reviewed the subject of competitive 
inhibition as applied to metabolite antagonists. The second 
type, non-competitive inhibition, also involves a reduction 
in the rate of reaction, but variation of the concentration 
of the substrate has little effect on the degree of inhibition. 
In addition, there is usually little structural or chemical 
relationship between inhibitor and substrate. 
1477 Stern> J. Biol. Ghem., 114, 473 (1936), 
(48) Roblin, Chem. Rev., 58, 255 (1946). 
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Singos? (49) haa claaaiflad enzyiae inhibitors into three 
catagories on the basis of the mechanism of their reactions! 
(1) coBipo'unda which react with the prosthetic groups of 
enzymeai (2) compounds which ar© very similar structurally to 
the natural substrate of the enzyme5 an(3 (3) compounds which 
destroy an essential functional group in the protein component 
of the enzyme. Examples of the first group are metals, flavin^ 
pyridine nucleotides^ etcc The second group has already been 
described above as competitive inhibitors and the third group 
contains all those compounds which exhibit reactivity toward 
a functional group of the protein# Excellent review articlss 
by Herriott (50) and by Oloott and Praenkel-Conrat (51) have 
recently appeared on the subject of group reagents for 
proteins• 
It is also possible for an enzymic reaction to be in­
hibited by reaction of the inhibitor with essential enzyme 
activators# Such type activators are generally members of a 
specific class of compounds, e.g. sulfhydryl compounds. They 
cannot be classed with prosthetic groups since they do not 
necessarily form a complex with the enzyme nor confer a high 
degree of specificity on the enzyme system. 
(49^ Singer Brewers Digest 20, No. 8, 43-6 (85-8T), Ho. 9, 
42-4, 47 (I04-6T, 109T) (1945) Original not 
available for examination: abstracted in C.A. 40, 
99® (1946) • ~ 
(50) Herriott, A'3vances in Protein Chem«, 3, 169 (1947). 
(51) Olcott and Praenkel-Conrat, Ghem. Rev., 41, 151 (1947). 
Enzymes and enzyme reactions may alao "be inhibited in 
other ways. Among these are reaction of the inhibitor with 
the substrate, inhibition by accumulation of products of the 
reaction, inactivation by physical agents such as li^it, aound 
and pressure (52), Inactivation by heating, and inactivation 
by changes in pH* Certain enzymes are inhibited by naturally 
occurring "anti-enzymes", e.g», pepsin and trypsin inhibitors 
(8) and there are many examples in the literature of the in­
hibition of enzymes by specific iimnune bodies (53)• 
Little, if any, information on the inhibition of 3^ vitro 
©nzymic peptide bond synthesis appears in the 13.'terature• 
However, in view of the observations of Bergraann and Praenkel-
Gonrat (2) that the enzyme, papain, requires the aarae condi­
tions of pH, concentration, temperature and activation for 
the synthesis of anilides as are ^jenerally employed in 
proteolytic experiments, it is then conceivable that the same 
active centers of papain which are essential for the hydro-
lytic activities also function in the synthetic processea* 
It thua becomes plausible to assume that the substances v/hich 
have been shown to have an inhibitory effect on the proteo­
lytic activity of papain v/ould exhibit a similar effect on 
(62) Sumner and isomers, "Chemistry and Methods of Enzymes". 
Academic Press New Yorko 1947* 
(53) Sevag, "laBnuno-Oatalysis" • Charles C. Thomas, 
Baltimore. 1945, 
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the synthetic activity# On this basis, a survey of the 
literature dealing with the proteolytic properties of papain# 
including the effects of activators and inhibitors, was in 
order# 
The literature dealing v/ith the isolation, properties, 
activation and inhibition of papain ia quite extensive and 
only the esfiential details w3-ll be considered here* The 
early literature has been reviewed by Mendel and Blood 
(54), and articles dealing generally with activators and in­
hibitors of enzymes, with specJ^fic reference to papain, have 
been published by Tauber (55), Hellerman (56), and Bersin 
(57)• The aforementioned review article by Olcott and Fraenkel-
Conrat (51), also contains numerous references* 
Early workers in the field, notably Vines (58) and Mendel 
and Blood (54), indicated that papain, the proteolytic enzyme 
obtained from the latex of the breadfruit plant, Carica 
papaya, was readily activated by hydrogen cyanide and hydrogen 
sulfide* Further investigations by Willst'4tter and his group 
X54) Mendel and Blood, J. Biol, Ohem., 8, 177 (1910). 
(55) I'auber, Ergeb, Bnaymforsch*, 4, 42 (1935)» 
(56) Hellerman, Physiol* Rov«, 17, 464 (1937). 
(57) Bersin, in Hord and "feidenhagen, "Handbuch der 
Bnzymologie" Vol. I, p. 154. Akademische 
Verlagsgesellschaft, Leipzig. 1940. 
(58) Vines, Ann. Botany, 17, 237 (1903). 
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(59, 60) verified these obaervationa and in addition indi­
cated that while natural papain was capable of hydrolyaing 
gelatin, it was incapable of hydrolyzing peptone. Hydrogen 
cyanide activated papain attacked both substrates. They 
concluded that papain was homogieneous and that hydrogen cyanide 
played the role of a kinase in extending the specificity range 
of the enzyme. It was also observed that the pH optima for the 
digestion of gelatin, peptone ^  albumine and fibrin (5, 5 and 
7*2 respectively ) were very close to their isoelectric points 
of 4,8, 4,8 and 7.2, 
The similarity of plant proteinases, such as papain, to 
the cathepsins of animal cells with regard to activation by 
certain substances found in tissues was pointed out by 
Waldschmidt-Leitz (61), Later studies by V/aldschmidt-Leitz 
and Purr (62) indicated one of these substances: to be 
glutathione. Subsequently, the activation of papain by BH-
glutathione and cysteine was deraonatrated by Graesman and 
associates (63), 
(5^) WillstStter and G-rassinan, Z, physio 1. Chem., 158, 184 
(1924). 
(60) Wiilatatter, Grassman and Ambros, ibid», 151, 286, 307 
(1926), 
(61) Waldschmidt-Leitz, ibid,, 188 17 (1930), 
(62) Waldschmidt-Leitz and Purr, ibid >, 198, 260 (1931). 
(63) Grassman, Schoensbeck and Eibelar, ibid., 194, 124 
(1933). 
In papers published simx^ltaneously by Maschmann and 
Helmert (64) and by Bersin and Logemann (65), iodoacetic acid 
was demonstrated to be an inactivator of papain. In addition, 
the latter tsroup demonstrated that the oxidizing agents, 
benzoquinone, bydrot^en peroxide, iodine and sodiura selenite, 
inhibited the proteolytic action of an activator-free prep­
aration of papain. The fact that hydrogen sulfide, sodium 
sulfite, and reduced .glutathione reactivated papain previously 
treated with peroxide, iodine and selenite, led 3ersin (66) 
to the conclusions that papain contained aulfhydryl groups 
essential for its activity and that their subsequent oxida­
tion to disulfide t„roups resulted in inactivation. The 
scheme proposed for this reversal was: 
Papain (Pa-SH HgOg, I2, SeO^- Papain (Pa-S-S-Pa) 
(active) (Inactive) 
HgS, GSH 
Quinone and iodoacetate treated papain were not reactivated by 
the foregoing reducing agents. 
Further evidence regarding the presence of aulfhydryl groups 
in papain was furnished by Hellerman and Perkins (67) who found 
l64) Maschmann and~*Helmert, Z. phyaiol. Chem.» 220, 199 
(1933) • 
(65) Beraln and Logemann, ibid.» 220, 209 (1933). 
(66) Bersin, ibid., 222, 177 (1935). 
(67) Hellerman and Perkins, J, Biol. Cham., 107, 241 (1934). 
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that iodine, qulnooe or ferricyanide Ion-inactivated papain 
couia "be reactivated by a variety of reducing agents such as 
cysteines BS-glutathione, thioglycolic acid, hydrogen sulfide, 
trivalent titanium, and hydrogen cyanide. The action of the 
activators waa presumably the conversion of dithio-papain to 
aulfhydryl papain. In addition, they reported that papain 
vraa extremely sensitive to the action of mercaptide forming 
reagents, notably cuprous oxide and organo-mercuri compounds 
of the RHgX type. With the exception of trivalent titanium, 
all the aforementioned reactivating agents -were alao effective 
in reversing the action of the mercaptide-formera. Of espe­
cial interest was the action of £-benzoquinone which, as has 
been previously indicated, was found by Bersin to be irre­
versible. Hellerman and Perkins have sugj^ested that quinones 
may inhibit papain Irreversibly by the addition of amino or 
sulfhydryl groups to the olefinic groups. They pointed out, 
however, that in the case of papain, the addition reaction 
probably takes place to a limited degree; the main effect of 
quinone was indicated to be reversible oxidative inactivation. 
The effects of many other compounds which presumably 
inhibit papain and other ensymes by virtue of the reactivity 
with sulfhydryl groups have been widely sttjdled. These in­
vestigations have been summarized in the aforementioned review 
articles by Hellerman (56), and by Olcott and Praenkel-Gonrat 
(51). 
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Investlgations carried out by Bergmann and associates 
{68, 69, 70) concerning the effects of various compounds on 
the proteolytic activity of papain led them to conclude that 
papain consists of either two enzymes or of an enzyme system 
capable of dissociating to give two enzytaea. The two enzymes 
were desig^nated as Papain I and Papain IIT^ (70). Papain I 
was characterized by its ability to hydrolyze benzoyl 
iaoglutamine and hippurylamide, and by its complete inhibition 
by phenylhydrazine« Papain II was designated as that com­
ponent of the enzyme system whichi^drolyzed peptone ex 
albumine and was activated by phenylhydrazine.'"'"'^'' It was fur­
ther indicated that both enzymes could digest gelatin. Thus, 
inhibition of Papain I did not prevent hydrolysis of this 
substrate from proceeding. In addition, it was suggested 
that Papain I and Papain II mutually inactivated each other 
throui^i the formation of a reversible complex, "holopapain". 
Compounds such as hydrogen cyanide, hydrogen sulfide, sulf-
hydryl compounds and phenylhydrazine were presumably capable 
Earlier '<3esisnationa for this pair of enzymes were papain 
polypeptidase and papain proteinase respectively 
(68), and later. Papain Peptidase I and Papain 
Peptidase II respectively (69). 
•JHi- Hydroxylamlne inhibited both Papain I and Papain II (69). 
(68) Bergmann and Ross, J. Biol. Chem., 111, 659 (1935). 
(69) Ibld.^ 114, 717 (1936). 
(70) Bergmann, B'ruton and Fraenkel-Conrat, ibid., 119, 35 
(1937). 
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of bringing about dissociation of the complex, thereby yield­
ing the two proteolytically active enzymes. In addition, it 
was hypothesized that Papain I contained an aldehyde group 
(69) and that the action of phenylhydrazine on the halopapain 
was to Inactivate Papain I, by reaction with the carbonyl 
group, at the same time that it caused dissociation of the 
holopapain with the resultant liberation and activation of 
Papain II• 
In view of the suggestion of the foregoing workers con­
cerning the presence of an aldehyde group in papain, Maeda 
(71) investigated the effects of various carbonyl reagents, 
including hydroxylamine, sodium bisulfite, phenylhydrazine 
and dimethylbarbituric acid (specific for aldehyde groups) 
on the proteolytic action of papain, employing gelatin and 
hippurylamide as substrates. He found that these reagents 
inhibited the hydrolysis of gelatin as well as of hippuryl­
amide, although longer contact period between enzyme and 
inhibitor were required for inactivating papain toward the 
gelatin than toward the hippurylamide. The results of his 
investigations led Maeda to the conclusion that papain did 
possess an aldehyde group. Recently Schales and associates 
(72) have investigated the effect of carbonyl reagent on the 
TtT) Maeda. Bull, Chem. Soc. Japan, 12, 319 (1937). 
(72) Schales, Suthon, Roux, Lloyd and Schales, Arch, 
Blochem, 19, 119 (1948), 
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proteolysis of egg-white by papain as well as by pepain and 
I trypsin. Moderate inhibition of papain by hydroxylamine, 
semicarbazide, phenylhydrazine and hydrazine was noted. 
Dimedon did not inhibit the enzyme and sodium bisulfite had 
an activating effect. Ho conclusions were offered regarding 
the presence or absence of a carbonyl group in papain. 
It might here be pointed out that the question as to 
whether or not papain contains a carbonyl group is still an 
open one in view of the fact that hydrogen cyanide not only 
fails to inhibit papain, but indeed, serves as ai) activator 
of the compound. In the investigations of Bergmann and Ross, 
previously mentioned, these authors indicated that hydrogen 
cyanide was an activator of Papain I, the fraction of the 
papain system which supposedly contains an aldehyde group. 
It is not possible to ascertain whether the conditions of 
activation employed were such that cyanohydrin formation did 
not occur. It is entirely conceivable that the carbonyl re­
agents may have either exerted their inhibitory effects by 
reaction with groups in papain unidentified as yet or by 
partially denaturing the enzyme. 
Reference should be made to the theory proposed by 
Bersin (73) concerning the probable role of amino groups in 
the proteolytic action of sulfhydryl enzymes. According to 
this theory, it is proposed that amino groups of an enzyme 
T73l Bersin J, Ergeb. Enzymforsch., 4, 68 (1935). 
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are activated bj adjacent aulfhydryl groups. The activated 
amino groups of the enzyme are then capable of reacting with 
the peptide linkages of the aubatrate and this reaction is 
followed by a dissociation of the peptide bond. This scheme 
is illustrated below: 
1, -CO-NH- + ra2-enz r:;=^-GO-lH-enz + NH2-
2, -CO-KH-enz + HgO ^ -GQQH + NHg-eniS 
That the above scheme may be invalid for papain ia in­
dicated by the recent studies of Balls and Lineweaver (74) 
on crystalline papain and by the investigations of Greenberg 
and winnick (75) on the effect of ketene on papain. Both 
groups indicated that amino groups are probably unessential 
for the activity of the enzyme. The latter workers, however, 
further indicated that phenolic groups of tyrosine may be 
essential for the proteolytic activity of papain since pro­
longed action of ketene on the enzyme resulted in inactiva-
tion*"®^ In order to avoid a possible reaction of the ketene 
with sulfhydryl groups, Greenberg and Winnick first oxidized 
the SH groups with peroxide. This resulted in a reduction of 
the activity of papain by 55 percent. A consideration of the 
"i Olcott and Fraenkel-Conrat (51) have cited evidence that 
ketene reacts more rapidly with amino groups than 
with phenolic groups. It is thus possible to block 
the former without affecting the latter. 
(74) Balls and Lineweaver, J. Biol. Ghem.» 150, 669 (1939), 
(75) Greenberg and Winnick, ibid., 155, 761 (1940). 
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fact that prolonged ketene treatment almost completely in­
activated peroxide treated papain, resulted in the conclusion 
that phenolic groups, too, might be essential for papain activ­
ity. 
Further consideration will be given in the Diacussion 
and Interpretations section to the known and potential papain 
inhibitors studied in the v;ork reported here, and to their 
possible modes of action. 
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EXPERimTAL* 
Preparatioxi of Compounds Investigated 
in Enzymic Reactione 
Benzoyl^lycine 
This compound was prepared by the conventional Schotten-
Baumann reaction utilizing essentially those proportions of 
reagents recommended hy Ingersoll and Babcock (76), 
In a typical run, 37.5 gm. (0<»5 mole) of glycine (Merck) 
was dissolved in 500 ml» of 1 H sodium hydroxide. The solu­
tion was transferred to a 2 liter, 3-necked, round-bottomed 
flask equipped with a mechanical stirrer and two dropping 
funnels and cooled to ca. icf in an ice bath. Seventy-four 
gm. (0.525 mole) of benzoyl chloride and 275 ml. (0.55 mole) 
of 2 N sodium hydroxide were added simultaneously with 
stirring over a period of about one hour. The ice bath was 
then removed and the mixture allowed to stir for one hour 
longer. The solution was then transferred to a beaker and 
acidified to Congo red with concentrated hydrochloric acid 
(ca. 60 ml.). The mixture was cooled, the solid filtered off 
« All melting points are uncorrected. All nitrogen analyses, 
unless otherwise specified, were done by the micro Kjeldahl 
me thod. 
(76) Ingersoll and Babcock, Organic Syntheses, Coll. 2, S28 
(1943). "" 
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with suction, and without attempting to dry the material 
completely, it was boiled with 150 ml. of carbon tetrachloride 
to remove benzoic acid. The mixture was cooled sli^tly, 
filteredy and the extraction procedure with carbon tetra-
chloi'lde was repeated. The material was filtered, washed vjith 
carbon tetrachloride and hexane on the filter, and air dried. 
It was re crystallized from iiyater-alcohol (3:1). The yield was 
75 gm. (84^), with a melting point of 187-190°. Bigersoll and 
Babcock reported 186-187°• 
Benzoyl-DL-valine 
This derivative was prepared in 80^ yield from PL-valine 
(Dow) in accordance with the procedure as given for the 
glycine compound above. RecrystallizEation from water-alcohol 
(3si) gave a product melting at 128-130°. Slimmer (77) has 
reported the melting point as 132.5°. 
Ben zoy 1-DL- leuo ine 
This compound was prepared in 85^ yield from leucine 
(Dow) utilizing the procedure given for benzoylglycine. In 
the treatment with hot carbon tetrachloride the material 
tended to oil somewhat and it was necessary to cool the 
solution before filtering. Recryatallization from 40^ 
alcohol - 60^ water gave a product melting at 136.5-138°. 
JTT] Slimmer^ Ber./ 35, 400 (1902). 
""3 5"* 
Fischer (78) reported the melting point aa 137-1410, 
Benzoyl-L-glutamic acid 
The toenzoylation procedure which gave the "best yields 
of this compound was essentially the same as that employed 
for the glycine derivative. One-half mole of ^ glutamic 
acid"^ was dissolved in 500 ml. of 2 H sodium hydroxide 
(1 mole) and benzoylated with 74 gra. (0.525 mole) of benzoyl 
chloridejf with the simultaneous addition of 275 ml, (0.55 mole) 
of 2 M sodium hydroxide. After acylation, the alkaline re­
action mixture was acidified in the cold by adding concen­
trated hydrochloric acid (100 ml.) at a rate such that the 
temperature did not exceed 10®. Under these conditions, the 
product oiled out. Upon seeding with a previous preparation, 
synthesized according to the directions of Fischer (79)"", 
the reaction mixture yielded a thick creamy mass. This was 
filtered with auction and pressed out with a rubber dam. 
The filtrate was reserved for further treatment. 
The wet cake was treated with 300 ml. of boiling 
carbon tetrachloride and once with 300 ml. of hexane. The 
still wet material was dissolved in 250 ml. of ethyl acetate 
Obtained from General Mills, Inc. Recrystallized once from 
hot water. 
-:£"54- Utilization of the method of Fischer in an early prepar­
ation, resulted in a yield of 37?^. 
(78) Fischer, Ber., 2370 (1900). 
(79) Fischer, Ber., S2, 2464 (1899). 
and the lower aqueous layer (ca 100 ml.) thus ohtslned com-
bined with the above reserved filtrate. The ethyl acetate 
layer was first dried rapidly over two portions of anhydroua 
sodium sulfate and finally over anhydroujs calcium sulfate» 
The combined aqueous portions were evaporated ^  vacuo 
until salts crystallized out; the concentrate was extracted 
several times with ethyl acetate and the combined extracts, 
after having been dried over anhydrous sodium sulfate, were 
added to the main extract which was being dried over anhydrous 
calcium sulfate. 
The ethyl acetate solution was first filtered thru glass 
wool to remove the drying agent, then thru a #5G "Whatman 
filter paper and finally concentrated vacuo to 250 ml. 
Upon adding 100 ml, of carbon tetrachloride to the vmrm 
solution, an oil separated out. The mixture vras seeded with 
a previous preparation of benzoyl-L-glutaniic acid and placed 
in the freezer. The material c.yatallized slowlj; in order to 
hasten the process 200 ml. of hexane was added. The waxy-
like solid was filtered, -.vashed with hexane and dried. A 
white povifder (100 gm.) was obtained. Part of the material 
had pafised thru the filter as an oil; after 2 days this had 
crystallized. It was filtered off, washed and combined with 
the main batch. The combined solids were then treated twice 
with 250 ml. portions of carbon tetrachloride, and finally 
washed with hexane. The yield was 107 gm. 
The material was then disjiolved in 400 ml» of boiling 
ethyl acetate, filtered twice through a #50 Whatman filter 
paper and washed into a 2 1« "beaker -with an additional 100 ml. 
of ethyl acetate. The solution was heated to boilicji, and 
carbon tetrachloride (350 ml.) was added to tar'bidity. On 
seeding with a previous preparation, c^ystallization com­
menced. 1 The mixture waa placed in the refrigerator overnight. 
The material was filtered, washed with hexane, and dried. 
Eighty-five gra« of product (68'^) melting at 139-140® was 
obtained• 
r -,28° .  ^  ^\oci ss +18,2 i" 0.1° 5^ in 1 H potassium hydroxide 
•- -'I) 
Fischer (79) reported a rotation of -18.7® for the JD- isomer. 
p-H itroben zoyl^lyc ine 
The procedure for preparation of this compound was quite 
similar to that given for benzoylglycine with the exception 
that the solid ^ -nitrobenzoyl chloride (Eastman white label) 
was added in an ethereal solution (100 ml. of ather per 0.1 
mole of acyl halide). Prior to acidification, the ethereal 
layer was separated from the aqueous phase and rejected. The 
solid obtained after acidification with concentrated hydro­
chloric acid waa dried and extracted several times with ether 
to remove jj-nitrobenzoic acid (_£-nltrobenzoic acid is insol­
uble in carbon tetrachloride and hexane). tltoen 0.3 mol© 
(S2.5 gm.) of glycine had been used as Rtarting material, the 
yield was 55 gm, at this sta^^e. After recrystalliaation from 
75 ml« of ethanol and 500 ril. of water, 45 gm. of material 
with a melting point of 185-131^ was obtained* An aclclitional 
washing with ©ther lowered the yield to 44,5 gBi. (66%) but 
raised the melting, point to 128~13l°. L5b (80) reported a 
melting point of 129®, 
P">K i troben zoy l-DL-valin e 
This derivative vmp prepared in a manner similar to that 
described for the glycine compound« During the acylation a 
deep purple colored solut5.on vis.s obtained; on acidification, 
hoxvever, the color disappeared. The product obtained from 
0.3 mole (55.1 gm.) of PL-valine, after washing with ether 
(three 100 ml. portions), -weighed 63 gm. (79^). Recrystal-
lization from 125 ml* of ethanol and 520 ml. of vjater lowered 
the yield to 51 gm. (64^). A sample melted at 167-169°* 
Kkrrer anc Christoffel (81) reported the melting point as 
163°. 
D-Ni troben izoy l-DI>leuc ine 
JSt^  —I — M i * — I l l « n > i u i | l i  I  
A procedure analogous to that given for the glycine 
derivative was utilized. A purple solution was obtained 
during acylation; the color was discharged on acidification. 
(80) L5b^ Ber.s SVT 3095 (1894). 
(81) Karrer and Christoffel, Helv. Chim. Acta.> 27, 622 (1944). 
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Th© product obtained from 0.3 mole (39,3 gm.) of DL-leucine^ 
after washing with ether (200 ml,, then 100 ml.), weighed 
80,5 gm. {96%)» Recrystallization from 400 ml# of ethanol 
and 300 ml# of water lowered the yield to 70 gm# {83^)* The 
product melted at 230-232'^ with decomposition. Karrer and 
Keller (82) reported the meltin^^ point as 222-223°# 
P'-Kitrobenzoyl--L~glutamic acid 
Basically the acylation procedure for the preparation of 
this compound was similar to that described for the other 
p-nitrobenzoyl derivatives, with the exception that it was 
necessary to dissolve the I^glutamic acid irj 100 ml. of 2 N 
sodium hydroxide (0«2 mole) per 0.1 mole of axnino acid, 
instead of 100 ml. of 1 K sodium hydroxide (0.1 mole), in 
order to insure neutralization of both carboxyl groups. 
Dnring the initial stages of the acylation, a red color, 
which later disappeared, was evident. On acidification to 
Congo red with concentrated hydrochloric acid, a gummy solid 
which rapidly crystallized v/aa obtained. This was filtered 
off and air dried. (Because the desired product is somewhat 
soluble in water, the filtrate was concentrated vacuo 
until salts separated outj little, if any, acylamino acid 
seemed to be present in this residue#) 
t82) Kkrrer and Ke1ler, Helv. Chim. Acta., 26, 50 (1943). 
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The product obtained from 0«2 raolea of ^ glutamic acid, 
apparently contained some unreacted amino acid as e'videnced 
by Its odor» It was groiand in a mortar and extracted with 
two 150 ml. portions of "boiling ether to remove any p-
nitrobenzoic acid. The dried residue weighed 43.6 gm. It 
was fiarther extracted with two portions (250 IQ1»j then 50 ml,) 
of boiling ethyl acetate axid the extracts were combined. The 
insoluble residue (5 gni«) was rejected. 
The product crystallized slowly from the ethyl acetate 
solution over a 3 day period at room temperature, and finally 
in the freezer (-12°)• The solid was filtered off and dried; 
the yield was 43*1 gm» (72.5^), A second crop was obtained 
by adding 300 ml. of hexane to the ethyl acetate filtrate. 
The oil which settled out crystallized rapidly £^lving a yield 
of 3.8 gm. The total yield was 46.9 gra, (79^). The first 
crop melted at 113.5-116°; the second crop bad a melting 
point of 113-116°• King and associates (83) reported the 
melting point as 114-116°. 
Garbobenzoxy chloride 
Carbobenzoxy chloride was prepared from benzyl alcohol 
and a 20^ solution of phosgene according to the directions 
given by Carter and associates (84). Yields of approximately 
X83°5 King, Spelsley and Kimmo-Smith, Nature, 162, 153 (1948). 
(84) Carter, Prank atid Johnston, Organic Syntheaea, 25, 13 
(1943). 
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90^ Tf/ere obtained® The concentration of the acyl halide, 
which contained acme toluene, was about 0«9 gm. per ial» Th© 
product waa stored at -12° to prevent deterioration. 
Garbobenzoxyglycine 
The procedure employed was essentially that of Bergrtiann 
and Zervas (85)j the apparatus used waa similar to that 
described for benzoylglycine. In a typical run 7.5 gm. 
(0.1 mole) of glycine was dissolved in 50 ml. of 2 W sodium 
hydroxide (0.1 mole). The solution was cooled in an ice bath 
and 30 ml. of 4 H sodium hydroxide (0.12 moles, 20^ excess) 
and 19.8 gms. of carbobenzoxy chloride (0.116 mo lea, 15^ 
excess) were added aimultaneoiisly, with stirring, over a 
period of about 45 minutes. Ihe ice bath waa removed, and 
stirring continued for an hour longer. The solution was 
extracted once with ether to remove toluene and unreacted 
carbobenzoxy ch-loride. The extract was rejected. On 
acidifying the reaction mixture to Congo red with concentrated 
hydrochloric acid, an oil which was heavier than water 
separated out and rapidly crystalli25ed. The jnaterial was 
filtered off and recrystallized from 250 ml. of boiling water. 
The yield of product, melting at 118-119.5°, was 18.9 gm. 
(91^). Bergmann and Zervas reported a melting point of 120°. 
(85) Ber^ajnn and Zervas, Bar., 65, 1192 (19S2). 
Garbobensoxy-DL-'valine 
• —«WII^||| <•! • II IWIII HHP. ian •—n•!_•• 
One-tentb mole (11,7 ) of BL-valine was acylated as 
• J'lii.i •* 
described for the glycine derivative. Upon acidification of 
the reaction inixture, an oil separated out. This \'/as taken 
up in ethyl acetate by extraction with four 50 ml. portions 
of the solvent. The extract was dried over anhydrous sodium 
sulfate and the solvent evaporated off. The thick syrupy 
residue was placed in the freezer (-12°) overnight. Since the 
material did not crystallize, it was seeded with a previous 
preparation (86), placed in a vacuum desiccator, and traces 
of solvent were removed. After two days, crystallization was 
complete. The solid was dissolved in 60 ml. of warm benzene. 
The solution was treated with one gm. of decolorizing carbon 
(Darco S-51) and filtered. Fifty ml, of hexane was added, 
the solution was cleared by warming, seeded and set aside to 
crystallize in the refrigerator. The product was filtered off, 
dried, and recrystallized from 30 ml. of warm benzene and 
aufficient hexane to produce a slight turbidity. The yield 
was 16.3 gm. (65^); the product melted at 76-77.5'^, 
In a second preparation, ether was substituted for 
ethyl acetate as the extracting solvent. The syrup, remaining 
after distilling off the ether, was crystallized from 50 ml. 
of benzene and 150 ml. of hexane. It yielded 20.5 gm. (825^) 
of a product melting at 76-78°. 
(86) Pox and Pling, Unpublished experiments. 
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A^&Xc C»Xccla fos* I 11J &«58 
Pound: 5T, 5«59 
Garbobenzo3cy"DL~ leucine 
•This compound was previously prepared by Bergmann and 
Praenkel-Conrat (2). However, they described it as a syrup. 
Since there was evidence that the material could be crystal­
lized (86), attempts were made to duplicate this result. 
Initial trials which utilized the procedure given for 
carfoobenzoxy-PL-valine met vsrith failure although various 
solvents and solvent pairs were used in attempts to effect 
crystallization. A portion of the syrupy material which had 
been kept on a porous plate in a vacuum desiccator yielded a 
pasty, ssmi-solid mass after about 3 months, but attempts to 
recrystallize it failed. 
Crystalline carbobenzoxy-DL-leucine was finally obtained 
in the following mannerj Two-tenths of a mole of PL-leucine 
was treated according to the procedure given for the glycine 
compound. Acidification of the reaction mixture with con­
centrated hydrochbric acid yielded an oil which was taken up 
with ether by extraction with three 75 ml. portions of the 
solvent. The combined ethereal extracts were washed with 
25 ml. of water and re-extracted carefully with 2 portions 
(75 ml., 50 ml., and 50 ml.) of saturated sodium bicarbonate 
solution. The combined bicarbonate extracts were then acidi­
fied with concentrated hydrochloric acid to Congo red. The 
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oil ^ shich separated was again taken up vfitb ether. The washed 
ethereal extract was dried over sodium sulfate. 
The dry ethereal solution ?/as then concentrated to a 
syrup by distilling off the solvent 3^ vacuo> a little of the 
"pasty" preparation previously obtained was added and the 
material was set into the freezer (-12°)* There was some 
initial evidence of crystallization although no increase was 
noted overnight. Fifty ml. of benzene was added and the mix­
ture heated to 50®» The syrup did not dissolve» Two hundred 
ml# of hexane %vas added and the mixture placed in the freezer. 
It was stirred periodically with a stirring rod which had a 
£ew crystals adherlnj^ to it. Crystallization commenced after 
one day and a white amorphous mass was .obtained. 
Since it gave evidence of melting at room temperature, 
the solid was filtered off in a cold room, washed with cold 
hexane and dried in a vacuum desiccator. Forty of product 
melting from 44-52° was obtained. This material was dissolved 
in a minimum amount of warm benzene and filtered. Sufficient 
hexane v/as added to the cold filtrate to cause some oiling, 
and the mixture seeded. The material crystallized slowly, 
going through a gummy stage, but eventually it yielded a 
smooth, crean^ paste. This was filtered off in the cold, 
dried by suction and then in a vacuum desiccator. The yield 
was 35*4 gm* (67^ ), and the material melted at 45-48°• 
Anal. Calcd. for 5.28 
Pounds N, 5.17, 5.14® 
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Carbobeagoxy-L-gltitamlc acid 
The method of Bergmann and Zervaa (85) was employed with 
alight modifications. In a typical run 59 gm. (0.4 moles) of 
re crystallized ^glutamic acid was suspended in 650 ml. of water 
in a 2 1», 3-necked, round bottom flask equipped with a mechan­
ical stirrer and dropping funnel. Fifty gni. (1»24 moles) of 
magnesium oxide was added and the suspension layered with 50 
ml« of ether. The mixture vms COO3B d in an ice bath and 75 
gm. (0.44 mole) of carbobenzoxy chloride was added over a 45 
minute period. The ice bath was removed and the stirring 
continued for 3 hours. The thick suspension was then filtered 
with suctionj the cake of magnesium oxide was pressed out with 
a rubber dam and rejected. The filtrate was extracted once 
with 200 ml, of ether to remove toluene and unreacted acyl 
halide and the extract rejected. On acidifying to Congo red 
with concentrated hydrochloric acid (100 ml.), an oil 
separated out* This was taken up in ethyl acetate by ex­
tracting with three 250 ml. portions of the solvent. The 
combined extracts were dried over sodium sulfate, and con­
centrated to ca. 200 ml. in vacuo. The material was trans­
ferred to a beaker, heated to boiling and about 300 ml. of 
carbon tetrachloride added. The oil which separated out 
crystallized rapidly on cooling (seeding was employed after 
the initial preparation of this material had been achieved). 
The white, ere arty mass was filtered, washed with carbon 
0«» 
tetrachloride, dried ixnder an infra-red lamp and ground to a 
fine powder* The yield was 90 gm. (80^), The product melted 
at 116-119°. Bergmann and Zervas reported a melting point of 
12CP, A sample which had been crystallized twice from ethyl 
acetate-carbon tetrachloride melted from 119-120«5°« 
26 \oi"l = - 8,9° ^  0.2° 10^  in ethanol 
GarboallyloxyglycinQ 
This compound has been previously described by Stevens 
and Milne (22) as a non-ci'yatalline material. The following 
method was employed in attempts to isolate a crystalline pro­
duct: Fifteen gm, (O.S mole) of glycine, dissolved in 100 ml. 
of 2 N sodium hydroxide (0.2 mole), were treated in the cold 
with 50 ml. of 4 N sodium hydroxide (0.2 mole) and 25 gm. 
(0.2 mole) of allyl chloroformate''^ (carfooallyloxy chloride) 
in 50 ml. of ether. The acylating procedure was similar to 
that described for carbobenzoxyglycine. The alkaline reaction 
mixture was extracted once with 50 ml. of ether and acidified 
to Congo red with concentrated hydrochloric acid. The oil 
which separated was taken up in ether, the ether re-extracted 
with saturated sodiuni bicarbonate solution, and the bicarbonate 
solution, after acidification, was re-extracted with ebher. 
1;- A generous sample of this compound was furnished by the 
Columbia Oheraical Division, Pittsburg Plate Glass Co., 
Pittsburg, Pa. It was redistilled and stored at -12°. 
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After dicing the solution over anhydrous aodium sulfate and 
anhydrous calcitim sulfate, the ether was evaporated off in 
vacuo and the last traces removed In a vacuum desiccator 
over sulfuric acid* The lli^ht colored syrup which remained 
was treated •®^lth 25 ml» of benzene (in which it was not com­
pletely soluble) and 100 ml. of hexane. On cooling at -12®, 
the ayrup gradually yielded a waxy-like solid. This was 
filtered off in the cold and stored in the refrigerator* The 
yield of material was 9.0 gm. (28^) • It melted over a range 
of about 15-35°. Ho attempt was made to recrystallizs it. 
Anal. Galcd. for CgHgO^Ns I, 8.80. 
Found: N, 8.29. 
(The low nitrogen value may be due to the presence of solvent 
impurities or condensation of moisture on the cold material 
while v/eighing.) 
Carbo a llyloay-DL~ valine 
This compound was prepared in a manner similar to that 
described for the glycine derivative. The syrup obtained was 
crystallized from ethyl acetate-hexane. The yield of product 
from 0.3 mole of DL^vallm was 35 gm. (585^). The compound 
melted at 49.6-52°. Stevens and Milne (22) obtained the 
material as a liquid. 
Anal. Calcd. for CgHj^sO^Nj 1?, 6.96. 
Found J K, 7.11, 7.08. 
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C arboallyloxy-DL-lauc ine 
•—••(If Hi H  I  'I" 
•Shis compound vms prepared as described for the glycine 
derivative. The syrup obtained was crystallized from ethyl-
acetate-hexane instead of benzene-hexane» The yield from 0.3 
mole of DL-leucine v;as 44,3 gm# (69^)« The compound melted 
SSS8SS 
at 40-42°» Stevens and Milne (22) reported 41-43®. 
Anal. Calcd. for 6.51 
Pounds 1, 6.56, 6.52. 
Carboallyloxy-L-fflutamlc acid 
The acylating procedure used for preparing this derivative 
was similar to that described for the preparation of carbo-
benzoxy«-L~glutamic acid. Failure to obtain either an oil or 
a solid on acidifying the filtered reaction mixture neces­
sitated the addition of sodium chloride to salt-out the de-
aired product. This was taken up in ether, and the ether was 
extracted with saturated sodium bicarbonate solution. After 
acidification of the bicarbonate extract and the addition 
of sodium chloride, the oil obtained was again taken up in 
ether. The, ethereal extract was thoroughly dried (essential) 
over anhydrous sodium sulfate and anhydrous calcium sulfate, 
and the solvent removed jbn vacuo» Final traces of ether were 
removed by placing the material in a vacuum desiccator over 
sulfuric acid. After standinii about 3 weeks, some crystal 
formation was noted around the edges and on the surface of the 
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syrupy residue. B'urtber recrystallization was induced by 
stirring. Finally, the mass was rubbed up with cold hexane 
and yielded a white, crystalline mass. This was dried in a 
vacuum desiccator. The yield of material from 0.1 mole of 
^glutamic acid was 18 gm. (78^). The compound melted at 
55-58®, 
r— —, 28 
1 ex;. = -0«94° i 0.1° 5^  in 1 W potassium hydroxide 
-'d 
Anal, Calcd. for CgHigOgN: H, 6.05, 
Pound: H, 5.04. 
BenzoylRlycinaadde 
The method of Fischer (87) was employed. Twenty grama 
of bensoylglycine gave 9.8 gm. (49^) of the amide which melted 
at 183.5-184,5°. Fischer reported 183°. 
Benzoyl-DL-leucin amid© BHB3B '' L . - 11 ' i 
This compound was prepared according to the directions 
of Max (88). The material obtained from 5.9 gra. of benzoyl-
DL-leuclne weighed 1.5 gm. (25^) and melted at 168-169®. Max fflrnsr» 
reported 171°. 
An attempt to prepare the amide by ammonolyaia of 
benzoyl-Mi-leucine ethyl eater with aramoniacal absolute alcohol 
"(87) Fischer* Ber.,' 38, 613 (1905). 
(88) Max, Ann., 276 (1909). 
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at room temperature was usnsuocesaful; the original material 
was obtained* 
Preparation of Intermediates and Compounds 
Hot Investigated in Enzymlc Reactions''^  
DL-Glutamic acid SSSSS |..T«WI 
Commercial _^glutamic acid (General Mills, Inc.) was 
racemized according to the procedure of Arnow and Opsahl (89). 
In a typical run, 20 gm. of the aird.no acid was heated for 4 
hours in an oven at 190-195°• The "brown melt was cooled 
sli^tly and 30 ml, of 20% hydrochloric acid solution was 
carefully added. The solution was filtered through a coarse 
sintered glass funnel and refluxed for 4 hours. It was then 
transferred to a heaker, cooled, treated with 20 ml. of con­
centrated hydrochloric acid and seeded with a small quantity 
of partially racemiaed glutamic acid. Cryatallization was 
allowed to proceed in the refrigerator. The solid was 
filtered off> washed with alcohol and ether and air dried. 
The crude glutamic acid hydrochloride (16.7 gta.) was 
dissolved In 21 ml. of hoiling water, treated with 2 gm. of 
charcoal (Darco G-60) and filtered hot. Sufficient 2.5 N 
4? Many of' "the compounds, especially the acylaraino acid amides 
described in this section were prepared in anticipa­
tion of carrying out studies similar to those reported 
for the parent acids. Since these studies were not 
performed, the synthesis of the compounds are reported 
as a matter of possible interest and information to 
others. 
(89) Arnow and Opsahl, J. Biol. Chem.. 154, 649 (1940). 
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sodium hydroxide (45 ml.) was added to bring the solution to 
pH 4,5. The product, which c2?ystallized out in the cold, was 
filtered and washed with alcohol and ether. The yield was 
8,7 gm» (43^). A solution of 0.5 gm. of the material in 25 
ml. of 5 hydrochloric acid showed no rotation. 
In a subsequent experiment, in which 200 gm. of L-vea 
glutamic acid was employed, the crude hydrochloride (175 gm.) 
was recrystallized from 325 ml. of 20^ hydrochloric acid solu­
tion instead of converting it to the free acid. The yield 
was 124 gm. (62^). Treatment of the hydrochloric acid fil­
trate with sodium hydroxide yielded a small quantity (11 gm,) 
of the free acid. 
Carbobenzoxy-D^glutamic acid 
This compound v;as prepared in 85^ yield using the same 
procedure as described for the L-iaomer. It exhibited a leaser 
 ^ sss 
tendency to oil and did not aeem to d iaaolve in ethyl acetate 
as readily as the L-compound. A sample melted at 118-121°. 
Fruton and associates (90) reported 119*^ , 
Glycine ethyl ester hydrochloride 
The method of Harries anc' Weiss (91) was used. Twenty-
five gm. of glycine suspended in 80 ml. of absolute alcohol, 
(90) Fruton, Irving and Bergmann, J. Biol. Chem.>- 135, 703 
(1940). 
(91) Harries and Weiss, Ann., 327, 365 (1903). 
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was heated, at reflux, v/lth dry hydrogen chloride. The pro­
duct Twiiich separated weighed 42.2 gm (90^) and melted at 
141-143°. Harries and Vfeias reported 144°. 
DL-Leucine ethyl ester hydi-ochloride 
•i»—u—i- 1111 III 11—• iwi— aa.wii.wii »ii—— —— 
This compound ?/as prepared in a manner similar to the 
above. The alcohol soluble product was precipitated with 
an excess of anhydrous ether. The yield from 30 gm« DL-
leucine was 31 gra. (69%)» The product melted at 108-110.5O. 
Rohmann (92) reported 112o. 
BenzoTl-DL-valine ethyl ester 
mi lMh.i i i nm> imiK wiiiji in iiilirilinw mi i>inwiwii«u«ii 
A modification of the method of Fox (93) for the benzoyla-
tion of diiodo-L-tyrosine ethyl ester hydrochloride was fol-
lowedi A solution of 7.25 gra. (0.04 mole) of PL-valine ethyl 
eater hydrochloride in 19 ml. of water, contained in a 1 liter, 
3-necked flask equipped with a mechanical stirrer and dropping 
funnel, was treated with 90 ml» of 2 1 sodium carbonate (0.09 
mole) and 200 ml. of chloroform. The mixture was cooled in an 
ice bath and a solution of 6.5 gm. of benzoyl chloride (0.046 
moles, lb% excess) in some dry chloroform was added with stir­
ring over a 30 minute period. The ice bath was removed and 
the stirrinii continued for an additional 30 minutes. The 
(9^) Rohmann^ Ber.. 1980 (1897). 
(93) Fox, J. Am. Ghera. Soc., 68, 194 (1946). 
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chloroform was separated off and the aqueous layer was ex­
tracted twice with chloroform (25 ml.) and twice with ether 
(25 ml«,). All extracts wre combined and dried over sodium 
sulfate- After evaporating off the solvent _ln vacuo, a yellow 
ayrup was obtained. This was dissolved in 25 inl. of benzene 
and treated with 275 ml, of hexane. A seed> obtained by pre-
treating a small quantity of the benzene solution, was intro­
duced and the mixture set aside to crystallize in the cold* 
Filtration gave 8.2 gm. (82^) of material with a melting 
point of 65-68®. 
Anal. Galcd. for C24H^90gNs N, 5.62. 
Pound J N, 5.40, 5.45. 
Benzoy1-DL-leucine ethyl ester 
This compound was prepared in the aam® manner as the 
valine derivative. From 7.8 gm. (0.04 mole) of PL-leucine 
ethyl ester hydrochloride, 8.5 gm. (82^) of product with a 
melting point of 76-77.5° was obtained. Bouveault and 
Locquin (94) reported a melting point of 79® j Max (88) 
reported 73-75°. 
p-Hitrobenzoylglycina ethyl ester 
This compound was prepared in a manner analogous to that 
given for benzoy1-DL-va1ine ethyl ester. The reaction mixture 
(94) Bouveault and Locquin, Bull. Soc. Chim. F'rance.< [3] 
55, 968 (1906). 
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was extracted with chloroform only. The ayrixp remaining after 
evaporation of the solvent was crystallized from benzen©~hexane• 
The solid obtained vms recrystallized from the same solvent 
pair. The yield from 5 grn. of glycine ethyl ester hydrochloride 
was 8 (88^) of material melting at 140-142®. Curtlus (95) 
reported the melting point as 142°. 
Garbobenzoxyalyciae ethyl ester 
The general procedure einployed for benzoylglycine ethyl 
eater was fo3.1owed (carbobenzoxy chloride was substituted for 
benzoylchloride)• The oily residue, obtained after concen­
trating the chloroform-ether extract of the reaction mixture, 
was crystallized at -12° from benzene-hexane. The product 
derived from 5.6 gm. <;0»04 mole) of glycine ethyl ester 
hydrochloride weighed 4.6 gm. (49;^) j a sample Ited at 33-34°. 
The melting point was determined by placing a crystal of the 
material on the bulb of a thermometer and allowing it to warm 
over a hot plate. 
Anal. Calcd. for 5«90» 
Found; K, 5.91, 5.89. 
Carbobenzoxy-PL-valIne ethyl ester 
The material obtained by treating 5.5 gm. (0.03 mole) of 
DIr-valine ethyl ester hydrochloride, as described for benzoyl-
(95)  Gurtiua, J. prakt. Chem., 94 (H.S.), 120 (1916), 
-55-
glycine ethyl ester, yielded an oil which was soluble in 
benssene-hexane and crystallized on long standing at -12°, 
Recrystallization from benzene-hexane gave 2.7 gm. (52^) 
of product with a melting point of 32-33°, The melting point 
•waa determined aa for the glycine derivative above, 
Anale Calcd. for Cx5H2x04^! 5,02. 
Found i II, 5,07 • 
Garbobenzoxy-DL-leucine ethyl ester 
»—• Mil IWJI«i m iiMimia iiiinHMMuiuii m i 
This derivative was prepared by treating 5.9 gm. (0,03 
mole) of PL-leucine ethyl ester hydrochloride with 5,9 gm, 
(#034 mole) of carbobenzoxy chloride using the general pro­
cedure described for benzoylglycine ethyl ester. The residue, 
obtained after evaporation of the extraction solvent, was 
crystallized from benzene-hexane. The solid waa filtered off 
in the cold; a second crop was obtained from the filtrate. A 
combined yield of 6,9 gm. (78^) was obtained, A sample m^ed 
at 18,5-190, The melting point waa determined as described 
for carbobenzoxyglycine ethyl ester . 
Anal. Calcd» for N, 4»78, 
Found; N# 4,85, 4.73. 
Carboallyloxy-DI^-valine e thyl ester 
Treatment of 5.4 gra, (0,03 mole) of Blr*valine ethyl ester 
hydrochloride with 4,2 gm, (0.034 mole) of allylchloroformate, 
according to the general acylating procedure, yielded an oil 
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whlch showed no tendency to crystallize from benzene-heacane 
at -12°. Removal of the solvents yielded an oil Vvhich 
solidified at -12°. This v/as treated with cold hexane and 
filtered in the cold. Additional material crystallized out 
from the filtrate. The combined yields weighed 2»5 gm. 
(36^) and melted at 9-11°. The melting point was determined 
by placing a crystal of the material on the bulb of a ther­
mometer previously cooled to 0° and allowing it to warm at 
room temperature. The compound was stored at -12°. 
Anal. Galcd. for 6.11. 
Found: K, 5.89. 
G arb obe nz oxy gly c i n ami d 0 
Carbobenzoxyglycylohloride was synthesized according to 
the method of Bergmann and 2ervas (85). Addition of the acid 
chloride, obtained from 4.2 gra« (0.02 mole) of carbobenzoxy-
glyclne, to 50 ml. of anhydrous ether, previously saturated 
with ammonia, a white precipitate. Ammonia was passed 
through the mlxtuj'e for 15 minutes. After cooling overnight, 
the solid was filtered off. This material was extracted with 
40 ml. of boiling ethyl acetate and the residue remaining 
after the extraction was extracted continuously for 7 hours, 
with ethyl acetate, using a Butt extractor. The residue of 
ammonium chloride in the extraction thimble was rejected. 
The ethyl acetate extracts were combined, heated to boiling 
-57-
and filtered hot. The filtrate was evaporated to a low 
volume. Upon cooling, crystallisation took place. The materi­
al was filtered off. An additional crop waa obtained by 
adding hezane to the filtrate. The combined yield was 2.4 gm. 
(58^ ) with a melting point of 133-156°. 
Anal. Calcd. for ^X0®12^3^2* 13.4. 
Pound; H, 13.3, 13.3. 
A second preparation of the amide was obtained by treating 
1.8 giTi» (0.0075 mole) of carbobenzoxy glycine ethyl ester, in 
20 ml, of abi3olute alcohol, with a stream of ammonia for 45 
minutes. After 4 days at room temperature, crystals appeared. 
The alcohol was removed 3^ vacuo and the solid residue re-
crystallized from 15 ml. of boiling water. Filtration gave 
1.1 gm. ("71%) of material melting at 136-137.5°. A mixed 
melting point, run with the above preparation, gave 135-
136.5°. 
Garboallyloxyglycinamide 
An attempt was made to prepare carboallyoxyglycine ethyl 
ester by treating 5.6 gm. (0.04 mole) of glycine ethyl ester 
hydrochloride with 5.6 gm. (0.046 mole) of allylchloroformate 
in 25 ml. of carbon tetrachloride. The general procedure 
described for benzoylglycine ethyl ester was used. A non-
crystalllzable oil (7.3 gm,) was obtained. 
The oil was dissolved in 50 ml. of absolute alcohol and 
dry ammonia gas was passed into the solution fbr 15 minutes. 
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The flask was stoppered and after 6 weeks (this period is 
probably too long) at room temperature the alcohol was dis­
tilled off vacuo> The solid residue was dissolved in a 
small quantity of ethyl acetate, and on the addition of hex-
ane, the material crystallized. The yield was 5»5 gra. or 
87^, based on the #04 mole of glycine ethyl ester hydrochloride 
used in the preparation of the intermediate acylamino acid 
esterJ the melting point was 107-107•5°« 
Anal. Oalcd. for CeHioOgNgj H, 17,7. 
Pound: N, 17.2, 
Garboally lo^cy-DL- leuc in amido 
Attempts to prepare the corresponding ester from 5,9 gm, 
(0,03 mole) of PL-leucine ethyl ester hydrochloride^ accord­
ing to the general acylating procedure, yielded a non-
crystallizable oil (7.1 gm.). 
The oil was dissolved in 50 ml. absolute alcohol and 
treated with gaseous ammonia as described above. The syrupy 
residue which remained after evaporation of the alcohol was 
dissolved in 25 ml. of hot ethyl acetate. One hundred ml. 
of hexane was added and after 4 hours at -12°., crystallization 
commenced. After filtering, washing with hexane, and drying, 
1,5 gm. (23%) of product with a loielting point of 83-85"^ was 
obtained. 
Anala Calcd. for 13.1. 
Founds N, 13.1. 
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Enzyme Studies 
Conditiona for enzyiaiQ synthesis of anilidea 
Acylamino acid solutions« Half molar solutions of the 
various acylamino acids -were prepared shortly before uae by 
dissolving the necessary quantity of the compound in an 
equivalent amount of 5,8 1? sodium hydroxide and diluting 
with water. Each milliliter of these solutions contained 
0,0005 mole of the compound. 
Papain preparations and solutions« Various commercial 
preparations of the enzyme were usedj however, most of the 
work reported was carried out using two lots (#1953 and 
#2924) obtained from Nutritional Biochemicals Corporation| 
these had almost equal anilide synthesizing abilities. The 
enzyme solution generally employed in the investigations 
contained, the soluble portion of 16 mgm. of papain and 6,4 
mgm, of cysteine hydrochloride (Merck) as the activator x)er 
half ml. These solutions were prepared by suspending the 
requisite amount of the enzyme in water, adding the necessary 
quantity of cysteine hydrochloride, stirring occasionally 
over a half-hour period to break up the lumps, and centri-
fuging down the insoluble matter. About 10^ of the papain 
was insoluble under these conditiona. Fresh solutions 
were prepared shortly before use# 
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Papain, free of natural activators, was prepared, with 
some modificationa, acoordlnj^ to the method of Graasman (95). 
one hundred gm, of commercial papain was suspended in 2 1, of 
water and the suspension cooled in an ice bath while a slow 
stream of hydrogen sulfide was bubbled tbrou^ for 5 hours• 
The solids were centrifuged down and rejected; the enayrae was 
precipitated by adding sufficient methanol {4^6 1»} to the 
supernatant to give a 10% methanol solution. The precipitated 
enzyme was allowed to settle in the cold, most of the alcoholic 
solution syphoned off and the remainder removed by ceatri-
fugation. The enzyme residue was redissolved in 2 1. of water 
and the treatment with hydrogen sulfide and methanol repeated. 
The residue which remained was washed once with methanol and 
once with ether, transferred to a clay plate and dried in 
vacuo* The hard brown solid thus obtained was ground to a 
fine powder in a mortar. It weighed 31 gm. A whiter product 
was obtained if the enzyme was washed twice with methanol and 
twice v/ith ether previous to drying. Transfer to a clay 
plate was also unnecessary since the drying could be carried 
out more conveniently in the centrifuge bottles* 
Aniline. Commercial aniline was redistilled at atmos­
pheric pressure and the almost colorless fraction was collected. 
Citric acid. A U.S.P. grade of citric acid (Pfizer) was 
used in preparing the citrate buffers. 
(96) Graissmanj Blochem. Z., 279, 131 (1935). 
"»0X-" 
Preparation of buffer aolutiona. The enzymic syntheses 
were carried out in 1 M and 0,1 M citrate solutions at dif­
ferent pH values ranging from about pH 3.0 to pH 6.5 in 
steps of 0.5 pH unit. It was necessary, in order to avoid the 
tedious process of adjxasting the of each reaction individ­
ually, to prepare buffers of specific pH values and concen­
trations, such that, after addition of all reactants, the 
final pH and buffer concentrations would be reasonably close 
to the desired value. The following preliminary studies were 
therefore carried outi 
Benzsoylglycine was used as representative of the acylated 
monoaminomonocarboxylic acids and carbobenzoxy-L-glutamic acid 
was used as representative of the acylated glutamic acids. 
Half molar solutions of these compounds virere prepared as 
desyribed. A solution of papain and cysteine was prepared as 
described J it was diluted with an equal volume of water. 
Solutions of 3 M, 1 M and 0.3 U citric acid and of 18 N and 
6 B sodium hydroxide were also prepared. 
One series of 10 ml. beakers containing 1.67 ml. of 3 M 
citric acid and one series of 10 ml. beakera containing 1.67 
ml. of 0.3 M citric acid were set up for each of the two 
acylamino acids. To each beaker was then added 1 ml. (0.0005 
mole) of the acylamino acid solution, 0.1 ml. (0.0011 mole) 
of redistilled aniline, and 1 ml. of the diluted papain-
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C3rste3.ne solution'^ ''' (extract of 16 n^ m. papain - 6«4 rasm. 
cysteine). The contents of each beaker were then titrated 
to the desired pH values (3«0, 3.5, 4.0^  4.5, 5,0, 5,5, 6.0 or 
6,5) with 18 H sodium hydroxide, for those solutions contain­
ing 3 M citric acid, and with 6 H sodiura hydroxide, for those 
solutions containing 0.5 M citric acid; a microburette was 
used for the titrations. Since the pH values of the solutions 
containing 0«3 M citric acid were above pH 4 before titration, 
it was necessary to add a measured volume of the 1 M citric 
acid in order to attain the lower pH value a. All volumes were 
adjusted to 5 ral«, to give final citrate concentrationa of 
either 1»0 or 0.1 M, except for those cases where the 1 M 
citric acid had been added. 
Mexf series of beakers containing 1.67 ml. of either 3 M 
or 0.3 M citric acid were then set up. To each beaker was 
added the requisite amount of 18 H or 6 N aodium hydroxide or 
1 M citric acid as indicated by the titrations above; the 
volumes were adjusted to 2,9 ml, (This vms a convenient 
volume since addition of 1 ml. of the acylamino acid solution. 
The proportions of acylamino acid, aniline, papain and 
cysteine used were quite similar to those employed by 
Fruton and associates (90), for the enzymic resolution 
of carbobenzoxy-pL-glutamic acid. Preliminary studies 
with carbobenzoxy^L-sli^tamic acid wherein similar con­
centrations of the"'acylaralno acids and aniline were 
used, but the papain and cysteine concentrations v/ere 
varied, indicated that these proportions were suitable 
for this substrate. The concentration of acylamino 
acids specified was without regard to optical config­
uration. Thus, for the L-acylamlno acids the ratio 
of acid to aniline was a'Sout 2:1. For the DL-
acylamino acids, based on the ^ form only, TS was 
approximately 4:1. -• 
0,1 lal. of aniline and 1 ml. of the dll\ited papain-cyatein© 
solution i^av© a final volume of 5.0 ml.) The pH of each of 
these solutions was thori determined j these valuewere those 
requ5.red for the stock buffer aolutiona, before addition of 
the reaetants. In order to check the method, the specified 
amounts of substrates and enzyme solutions were added to 
each of the beakers, and the pH values of the resultant raix-
tures determined J these were within a few tenths of a pH 
unit of the desired value. 
Finally large quantities (SOO ml*) of stock solutions of 
the various buffers were prepared by adding to 115 ml. quan­
tities of 3 M or O.S M citric acid the calculated amounts of 
18 N or 6 IT sodium hydroxide or of 1 M citric acid necessary 
to give the desired p.H values. Final adjuatments were mad© 
with the us© of a pH meter and the solutions were diluted 
to 200 ml. With the exception of those buffers requiring 
added citric acid (actually these were not buffers but citric 
acid solutions stronger than 0«173 M), the citrate concen­
trations of these solutions v/ere 1.73 H or 0»17S M» Diliitlon 
of 2,9 ml» of these buffer solutions to 5 inl« with Ihe re-
actanta, thus gave a final citrate concentration of 1 M or 
0*1 M respectively, except for those cases v/here additional 
citric acid had been required* It was found that all of the 
1.73 M series of buffer so3.utions, with but one exception, 
served equally well for both types of acylamino acids. How­
ever, it vms necessary to prepare separate aeries of 0,173 M 
buffer solutiona for the acylated luonoaralnomonoGarboxyliG acids 
and for the acylated glutamic acida. Tho data, pertinent to 
the preparation of tiie. throe aerica of "buffer solutions, are 
sui-mrjariaed in Table !• 
Effecta of £H and buffer concentrations on anilide syn-
theses» The follov/ing procedure ^vas adopted for carrying out 
the studlen on the effects of varying pH and buffer concentra­
tions on the enzyraie syntheses of the various acylamino acids« 
The reactions were carried out in 16 nun, X 50 nrni. shell vials. 
To duplicate series of eight shell vials vrere added 2.9 ml. 
of the appropriate stock buffers of both concentration aeries. 
(Table 1) One-tenth ml. of redistilled aniline, 1 ml. of the 
acylated a:nino acid solution and 1 ml. of a papain-cysteine 
solution (prepared as described but diluted with an equal 
volume of water), were added in the order given. 
The contents were stirred well and the pH values deter­
mined. (It was necessary, in the cases of all the acyl glutamic 
acids in the 0.1 M buffers at pH 6.0 and 5.5, to add a few 
drops of 2 W aodium hydroxide in order to attain these values). 
The vials were then stoppered with paraffined corks and in­
cubated for 72 hours at 40° - 1® in a thermostatically con­
trolled water bath. The contents were ahaken by hand every 
12 hours. 
At the end of the reaction period, the pH values were 
again determined (in almost all cases they had not varied more 
-65-
Table 1 
pH arj(3 Corjcentration Relatiorjsbipa of Citrate Buffer 
Solutions fop Anilide Synthesis Studies 
k» 1»73 M buffer solutions for both acjrlated monoaminomoiao-
carbozylic acids and acylated glutamic acids. 
pH Citrate ConcQ»tratioi3, M 
Before adding After adding-^ Before adding After adding 
reactants reactants reactants reactaots 
2.6 3»3 i- 0.1 1.725 1.0 
3.1 3.8 i 0.1 1*725 1.0 
3.7 4.3 ^  0.1 1.7S5 1»0 
4,3 4c7 i 0.1 1.725 1.0 
5.0 5.3 i 0.1 1.725 1.0 
5.5 5.7 i 0.15 1.725 1.0 
6.2 i" 0.16 1.725 1.0 
6.5^  6*6 ^  0.15 1.725 1.0 
6.0"^  6.5 i" 0.1 1.725 1.0 
-| 
The actual pH obtained after addition of the reactants 
varied somewhat "with the nature of the aoylamino aoid. 
The variations are denoted by the ranges. 
2por acylated monoaiulnomonocarboxylic acids only. 
Spor acy'^ated ejlutamic acidfi only. 
/-> 
•»oo -• 
Table 1 
B. "0,173'* M bnffer solutl 
carboxylic acids only. 
(Con tinxjed) 
na toy acylatod monoamirjomono-
pH Citrate Concentration, M 
Before adding After addingl Before adding After adding 
reactanta reactants rsactants reactanta 
1.5 3«1 i 0,1 0,69 1 0.40 
1.7 3.6 i 0.1 0.38 i 0.22 
1.9 4.1 i 0.1 0.225^  0.13 
3,1 4.7 t 0.15 0.173 0.10 
4,1 5,1 ± 0.15 0.173 0.10 
5.2 5.6 t 0,15 0,173 0.10 
5.9 6.1 i 0.15 0.173 0.10 
6.6 6.65i 0.1 0.173 0.10 
1 — ' " — The pH obtained aftor addition of the reactants varied 
somewhat with the nature of the acylamino acid. The 
variationa are denoted by the ranges. 
^These are citric acid solutions, i»e«, no sodium hydroxide 
was added. 
Table 1 (Continued) 
C, "0.173" 1! buffer aolutiona f o r  acylated glutamic acids 
only. 
pH Citrate Concentration# M 
Before adding After addingJ- Before adding After adding 
reactants reactanta reactanta reactants 
1.5 3.1 i 0,1 0.69 1 0.40 
1.7 3.6 ± 0.1 0.38 ^  0,22 
2.0 4.1 ^  0.1 o.m^  ^ 0.10 
3.6 4.6 ± 0.1 0.173 0.10 
4.9 5.1 i- 0.1 0.173 0.10 
6.5 5.6_ir 0,1 0.173 0,10 
11.4 6.0® 0,173 0,10 
11.4 6.5® 0.173 0.10 
T— —~~— 
The pH obtained after addition of the reactants varied some­
what with the nature of the aoylglutamic acid. The 
variations are denoted by the ranges. 
^Thea© are citric acid solutions, i.e., no sodium hydroxide 
was added* 
®In order to attain this pH it was necessary to add a few 
drops of 2 N sodium hydroxide to the reaction mixture. 
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than 0.2 pH unit) and the contents of the vials wer© trans­
ferred to 25 arm. X 150 ram, test tubes. In the case of the 
acylated monoaminomonocarboxylic acida, 15-20 ml. of 1 N 
aodium hydroxide was used in the transferring procedure and, 
in addition, sufficient 6 N sodium hydroxide was added to 
those tabes containing the 1 M buffer soluticans of pH values 
below 0.5 to give an alkaline reaction to phenolphthalein. 
The treatment with sodium hydroxide insured the removal of 
any unreacted acylamino acid, many of which were insoluble in 
the reaction mixture, and were therefore potential contam­
inants of the anilides. For the acylated glutamic acida, 
15-20 ml. of 1 N hydrochloric acid was used in the transferring 
procedure J here the danger of contamination of the anilido 
was not too great since the acylated glutamic acids investi­
gated were all soluble under the reaction conditions. 
(Sodium hydroxide, naturally, cannot be used because the 
anilides contain a free carboxyl group.) The insoluble 
anilides were then filtered with suction, washed with several 
portions of water and dried in the air. Careful ?mshing of 
the acylated glutamic acid anilides was essential since they 
tended to be ^^.elatlnous in nature and absorbed significant 
amounts of citrate. The compounds were then weighed to the 
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nearest milligram'^'* and the melting poijnts determined on a 
melting point block* All of the studies were repeated* 
Purification of the acylamino acid anilides > The accumu­
lated yields of each of the anilides were pooled in order to 
obtain sufficient material for characterization and determina­
tion of melting points and rotation • In certain instances 
where only small quantities of the materials were available, 
more was synthesiised enizymlcally using proportionally larger 
quantities of the reactanta® The reactions were carried out 
at the optiraum pH for the substrate determined from the above 
type studies# 
All the acylated monoaminomonocarboxylic acid anilidea 
were washed with 1 N sodium hydroxide, then with water and 
dried previous to recryatallizsation. All were recrystallized 
from dioxane-water by first dissolving in the minimum quantity 
of hot dioxane, treating the solution with a small quantity of 
decolorising carbon (Darco G-60) and adding water to the hot 
filtrate to incipient crystallization. The recrystallizatlon 
procedure was repeated with the omission of the carbon. The 
v 
acylated glutamic acid anilidea were recrystallized tv/ice from 
As has been indicated in the experimental section, the 
carboallyloxyglycine was somewhat impure. On this 
basis the yields of carboallyloxyglycinanillde should 
have been coT-rected for the impurities in the starting 
compound. However, the percentage of iaipurltles, based 
on the deviation of the nitrogen content from theoret­
ical, were within the limits of accuracy of the method 
used in conducting the anillde syntheses studies. No 
corrections were therefore applied. 
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dioxane-hexan© In a mannei? similar to that employed above. 
Hexane was used instead of water since the latter gave gela­
tinous instead of crystalline precipitates. The melting 
points for all the anilides, the optical rotations and the 
analytical data for those not previously prepared or charac­
terized are summarized below. 
Benzoylglycinanillde« Melting pointi first re-
crystallization, 213-21^ ; second recrystallization, 213-215°. 
Bsrgmann and Fraenkel-Gonrat (2) reported 212.5°. 
Benzoyl-L-valinanilide. Melting point: first re-
crystallization, 215-217°; second recrystallization, 215-217° 
Pox and associates (97) reported a melting point of 218-220° 
on an analyzed sample, prepared with the utilization of some­
what different conditions. 
Benzoyl-L-leucinanilide. Melting point: first re­
crystallization, 214-215°! second recrystallization, 213.5-
215°, Bergraann and Praenkel-Conrat (2) reported a melting 
point of 213°. 
Bettzoyl-^glutamic acid an Hide. Melting points 
first recrystallization, 169.5-171°j second recrystallization 
169-171°. 
Anal# Calcd. for C]l8Hi804H2: 8.58 
Pound; 1^, 8.34. (micro Dumas) 
'('97J Fox, Minard, Wax, Pettinga and Strifert, Federation 
Proc., 8, (Part 1), 198 (1949). 
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28 
= + 1.25° i* 0.25° 2% Iti 95% etbanol 
r -i28 
lo( = 4- 4«550 ± 0«3® 2% in 0«5 N potassium 
hydroxide 
p~Kitroben2oylglyoinanilide» Melting point: first 
recryatallization, 213.5-215,5°; second recryatallization, 
213.5-215.5^ . 
Anal. Calcd. for C]^5H3^g04N2! IT, 14.1, 
Pound: W, 14,1, (micro Dumas) 
p-Nitrobenzoyl-L~valinanllide« Melting points first 
recrystallization, 214-215.5°; second reciyEtallization, 215-
216°. 
Anal, Calcd. for G]_gH2^g04Ngj N, 12,3, 
Found i N, 12.0 (micro Dumas) 
r- -r 28 |o(J = -15 •4° i 0,3° 2^  in dioxane 
p-Nitrobensoyl-L-leucinanilide. Melting point; firat 
•S» 
recrystallization, 188-190°j second recryatallization, 188-189.5°. 
Anal. Calcd. for O19H21O4I33; N, 11.8. 
Found J N, 12.0 (micro Puinas ) 
28 
[oC\ = + 14.1° i 0.5° 2fo in 95^  etbanol 
L Jj5 
p-y itroben zoyl-Ii-tTlutamie acid an Hide» Melting 
point.• first recryatallization, 190.5-192°; second recrystal­
lization, 191-192°. 
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Anal. Galcd. for N, 11,3« 
Pounds N, 11«2, (micro Dumas) 
28 
rd,~L = + 10,5° - O.S*^  "2.% in 0.5 SI potassium 
^ hydroxide 
CarbobenzoxyKlYciaanilide» Melting point: first 
recryatallization, 144-144.5°j second reorystallization, 144-
3.44.5°. Bergmann and Fraenkel-Gonrat (2) reported 144°. 
Garbobenzoyy-^valinanilide. Meltiag point; first 
recrystallization, 182-183.5°j second recrystallization, 182-
183,5°. 
Anal. Calcd. for 8,5B, 
Found J K, 6•59. (micro Dumas) 
r -\28 . 
1 c< =s - 33.0° - 0.6° 2% in chloroform 
CarbobengQxy-L-leucinanllide. ivlelting point: first 
I'ecryatallization, 138-141°; second recrj'stallization, 138-
141°» Borgmann and Fraenkel-Conrat (2) prepared this com­
pound but reported no melting point. 
Anal# Cfllcd. for 8.24. 
Pound: N, B.46 (r.icro Dumas;) 
W28 r» + rt 5= - 47,6° - 0.3° 2% in chloroform D 
C arbob en a o:Ky-^  j-;lu t ami c acid anilide. Melting point 
first recrysballization, 195-196°; second recryatallization, 
195-196°. P@hrens and T'ergmann (5) reported 193-195°# 
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Gsii''boallylo3{:yglyclnaalllde. Melting point: firat 
recryatallization, 154-136°| second reorystallizatlon, 134-
1360. 
Anal. Calcd. for ^ 12%4®3^2' 12,0, 
Pound: H, 11.7s 11.6. 
Garboallyloxy-L-valinanHide. Melting point: first 
recryatallization, 168-168.5°; second recrystallization, 168-
169°. 
Anal# Calcd. for C^gHgQOgNg: N* 10.1. 
Pound: N, 10.0. 
28 
\j>C\ - - 49.0® - 0.5° 2% in chloroform 
Carboallyloxy-^leucinanilide. Melting point: 
firat recryatallization, 160-161.5°; second recryatallization, 
160.5 - 162°. 
Anal. Calcd. for ^16%2®3^2' 9.65. 
Pound: H, 9.48, 9,43. 
28 
= 64.0° i- 0.3° 2% ±xi chloroform 
D 
Enzymic hydrolysla of acylamino acid amidea 
Acylamlno acid amide solutions. A 0.01 M alcoholic solu­
tion of benzoylglyclnamide was prepared by dissolving 62.4 
mgra. of the sanid© in 35 ml. of 95^ ethanol. Each 2 ml. of this 
solution contained 0.00002 moles of the amide# 
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Sirailarly, 0.02 M alcoholic solutions of benaoyl-DL-ilWCat! 
valinamido^^ and benzoyl-^^-leuoinamide were prepared "by dis­
solving 110 mgjn, and 163.2 nigra, respectively of the two com­
pounds in 25 ml. of 95^ ethanol. Each 2 ml. of these solu­
tions contained 0.00002 moles of the L-form of the amide. 
Papain-cysteine solution. Soluticm s of papain and 
cysteine hydrochlor3.de in both 1 M pH 5.0 and 0.1 M pH 5.0 
citrate buffer solutions were prepared by suspending 40 mgra. 
of the commercial enzyme and dissolving 40 mgm. of the acti­
vator in 10 ml. of the buffer solutions. After the v^ olutiona 
had stood one-half hour with intermittent stirring, the solids 
were centrifuged down and rejected. Each 0.25 ml. of the 
supernatant solutions contained 1 mgm. cysteine hydrochloride 
and the soluble portion of 1 mgra. papain. 
Ammonium sulfate standards. A solution of ammonium sul­
fate containing 0.3 mgm. nitrogen per 0.75 ml. was prepared 
by dissolving 188.5 mgm. of diy, analytical grade ammonium 
sulfate in 100 ml. of 1 M pH 5.0 citrate buffer. The solution 
was stored in the cold. Dilution of this solution with an 
equal volume of the citrate buffer previous to use , yielded 
a solution containing 0.15 mgm. nitrogen per 0.75 ml. Further 
dilution of this second solution with an equal volume of the 
buffer gave a solution containing 0.075 mgra. nitrogen per 
0.75 ml-
The benzoyl-DL-valinamide was prepared by Dr. S. W. Pox. 
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Prgparation of rood if led Neaalei*^ a reagent. Weasler'a 
soliitlon was prepared according to the formula of Koch and 
McMeekln (98). Immediately prior to use, on© volume of the 
reagent was mixed with one-half volume of a freshly prepared 
2.5^ solution of potaaaium peraulfate and with one-half volume 
of a freshly prepared 1^ solution of potassium gluconate.^ 
Only amall quantities of the modified reagent were prepared 
at one time since, accordinb to Gentsskow (99), who deacribed 
ita preparation and use, the aolution la not stable for longer 
than 15 rainutea. 
Preparation of the atandard curve. Two ml. portiona of 
955^ ethanol were pipetted into 22 mm. X 175 mm. teat tubea, 
which had been previously calibrated to contain 25.0 ml., and 
after the alcohol had been removed by evaporation at 100°, 
0,75 ml* portions of the above prepared ammonium sulfate 
solutions were pipetted in. Duplicatea were used. (This 
procedure furnished a control on the alcohol, aince the 
amides v/ere dispensed from alcoholic solutions.) To these 
tubes were then added 0,25 ml. quantities of the papain-
cysteine aolution and after stoppering with paraffined rubber 
"i A purified preparation of potassium gluconate was kindly 
furnished by Dr. StheIda Horberg. 
(98) Hawk, Oser and Summeraon, "Practical Physiological 
Chemistry", 12th ed., p, 1230, The Blakiston Co., 
Philadelphia# 1947. 
(99) G6nt2Skow, J. Biol. Chem., 145, 531 (1942). 
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stoppers, they were allowed to stand at 40° for a period equal 
to tlriat of the bydrolytlc experiments. 
The contents of the tubes were then diluted to about 20 
ml. with distilled water, 4 ml, of the modified Hoaaler's re­
agent was added and the volumes were made up to the mark 
{25.0 ml.). After 5 minutes had been allov^ed for the color to 
develop, the percents ti»an amiss ion, at 480 , were determined 
on a Coleman spectrophotometer. Model 11. The values were 
plotted on aemi-log paper against the nitrogen concentrations. 
An individual curve was determined for each run. 
Conditions for hjdrolyals of the acylamino acid amides. 
Two ml. aliquots of each of the above prepared alcoholic solu­
tions were pipetted into 23 mm. X 175 mm. test tubes which had 
previously been calibrated to contain 25.0 ml. To each tub© 
was then added 2 small glass beads, and the alcohol was 
evaporated off at 100° leaving the dried residues of the amides. 
To half of the fubes of e ach series was added 0.75 ml. 
of 1 M pH 5,0 citrate buffer; to the remaining tubes of each 
aeries was added 0.75 ml. of 0.1 M pH 5.0 citrate buffer. 
Several of the tubes from each series were then set aside as 
controls and to the remainder was added 0.25 ml. of the papain-
cysteine solution in the appropriate concentration of buffer. 
All tubes, including the controls, were then Incubated at 40° 
for a period of about 2 days with occasional shaking, since 
the amides were incompletely soluble in the reaction mixtures. 
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Also carried along at 40^ vQve portions of the papain-cysteine 
solutions• 
At the end of the reaction period, the contents of all the 
tubes were diluted to about 20 ml. To the control tubes were 
added, immediately before Keaslerisation, 0,25 ml. portions of 
the proper papain-cysteine solution. These tubes served not 
only to control possible non-ewgymic hydrolysis of the amid© 
by the citrate buffer during the incubation period, but also 
to control hydrolysis by the alkaline Neasler's reagent* All 
tubes were Nes&lerized, as described for the standards, and 
after 5 minutes, but not longer than 15 minutes, the contents 
were filtered through fyrex glass wool into cuvettes, and 
the percents transmission determined# The amounts of ammonia 
liberated were determined from the plotted standard curvee 
Inhibition of peptide bond ayntheaia 
preparation of teat solutions, One-tenth molar solutions 
of the teat substances (potential inhibitors) were prepared 
in either aqueous or alcoholic solutions. In the cases of 
those aubatancea which were soluble in water the proper 
quantity of material (0.0025 mole) was dissolved in 12.5 ml, 
of 0.2 M pH 5.0 citrate buffer and after readjustment of the 
pH to 5.0 (usually with 2 W sodium hydroxide) the solution 
was diluted to 25 ml. with water. The resultant solutions 
were thus 0.1 M in the test substances. Portions of these 
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solutions were then diluted with an equal volume of 0.1 M 
pH 5,0 citrate buffer to give 0.01 M solutions of the test 
compounds. Substances so treated included betaine hydrochlo­
ride, 2,3,5-triphenyl tetrazolium chloride,hydroxylamine 
hydrochloride, cholestenone-6-sulfonic acidK"^^ ethyl 
carbamate, copper sulfate, 2-methyl-lji4-naphthoquinone 
bisulfite,maleic acidfuroic acid, carboallyloxy-
L-glutartiic acid, sodium bisulfite, fumaric acid 
dichloroacetyl-DL-valinephenylhydrazine hydrochloride, 
formaldehyde, barbituric acid, and potassium ferricyanide. 
Aqueous solutions of iodoacetic acid in concentrations 
of 0.001 M and 0.0001 M and of basic phenylmercuric nitrate 
in concentrations of 0.01 M and 0.001 M were s3mllarly 
prepared. Sodium nitrite solutions in concentrations of 
0.11 M and 0.011 M were prepared but the citrate buffer was 
omitted until immediately before use. 
Prepared by Mrs. E. H« Atkinson. 
Prepared by Mr. ¥v'. McGukin. 
Kindly furnished by Abbott Laboratories, l^orth Chicago, 
111. 
Prepared by Dr. P. K. Minard. 
Kindly furnished by Dr. J. S. Pruzansky. 
Prepared according to the method of Woolett and Coulter, 
J. Am. Ghem. Soc«« 56, 1922 (1934). 
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Kon-acidic, water insolubl© compotinds were dlasolved in 
95^ QtliULJol 3Q as to give 0.1 M and 0«01 M solutions. Sub­
stances so treated included 2,5-diphenyl-3-(£-iodoplieriyl)-
tetrazolium chloride,_g-iodoaniline,'"" ^-hydroxypiienyl 
acetic acid £-b0n2oqulnorie, eoumarin and phenacyl bromide. 
Indoleacetic acid was dissolved in absolute alcohol and an 
equivalent amount of 6 H sodium hydroxide was added; 0*1 M 
and 0,01 M solutions were prepared. The 2-hydro3cy-5-methyl-
chloropropiophenon©^^^''^ was treated in warm absolute alcohol 
with an equivalent amount of 2.5 M sodium acetate (100) to 
convert it to the unsaturated 2-hydrozy 5-methylacrylophenone; 
0»1 M and 0®01 M solutions were prepared. Because of its 
insolubility in moat solvents chryaene (Eastman recrystal-
lized) was added as a solid in 2 mgm. quantities. 
Procedures for following effects of test substances oa 
enzymic anilide aynthesis. Preliminary testa were carried 
out to determine the order of addition of the various reac-
tants to the solutions of the teat substances. Results 
j j i m i j j L L ^  i L i - i J i -  .  - -  I  -  N i l  1  I  I I  
Prepared by Mrs. E« H. Atkinson. 
Kindly furnished by Dr. J. Levine, Federal Security 
Agency, Washin{j,ton. This compound was acidic but 
decomposed on being neutralized with sodium hydrox -
id©. It was therefore used without neutralization 
since it had little effect on the final pH of tha 
reaction mixture. 
•jmf Kindly furnished by Dr. W. P. Gelger. New York University 
College of Medicine. New York. 
(100) Geiiier, W. P., Private communication. 
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indicated that pronounced differences In the degree of in-
bibltlon of tine reaction did not exist whether the papain-
cysteine soltition wa? a(3ded to the inhibitor solutions previous 
to the addition of the substrates or was added to the reaction 
mixture last. Therefore, in most of the studies the enzyme-
activator solution -was added last. 
Preliminary studies also indicated that the extents of 
irhlbitlon varied inversely with the length of the reaction 
period and that compounds which Inhibited tb$ Initial stages 
of the reactions quite markedly, showed little or no inhibi­
tory effects if measurements were made after a 3 day period# 
Consequently, it ^ as necessary to set a time limit on the 
reaction. With the utilization of the procedure previously J 
given for the determination of the effects of pH and buffer 
concentrations on the anilide syntheses, time-yield studies 
vfere carried out for several of the reactions at their pH 
optima in 1 M citrate buffer, over a 3 day period• Baaed on 
these results, the reaction time limit was arbitrarily set 
as that time in which the yield of the anilide was bQ% of 
the 3 day value« For the two compounds, carbobenzoxy-I^ 
glutamic acid and benzoyl-DL-leucine, which were the only 
ones used as substrates in the inhibitor studies, this time 
was about 2 hours. 
Because of tho rather short durations of the reactions, 
it was necessary to provide a means of keeping the reaction 
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In check until all the reactants had "been added to all the 
reaction vessels. It was also necessary to provide a means 
for "quenching" the reaction after the 2 hour period. It 
was found that If the reaction mixtures were kept at ICP or 
below, essentially no synthesis took place within a 2 hour 
period. Therefore cooling of the reaction mixtures was 
adopted as the laethodfor keeping the reaction in check and 
for quenching the reaction. 
The following general procedure was adopted for carrying 
out the inhibition studies: One-half ml. aliquots of the 
previously preparetS; tes solutions were pipetted into 16 ram. 
X 50 mm. shell vials.In those oases where the test sub­
stances had been dissolved in alcoholr the solvent was removed 
in vacuo over sulfuric acid and replaced with one-half ml. of 
0.1 M pH 5.0 citrate buffer. Two and nine-tenths ml. of the 
appropriate . o72 M citrate buffer (pE 4.4 for carbobenzoxy-^ 
glutamic acid and pH 5.25 for benzoyl-DT<-leuclne) were then 
added, and after the solutions were stirred, 0.1 ml. of aniline 
and 1.0 ml. of the appropriate acylamino acid solution (0.5 M) 
were added. The vials were then cooled in an ice bath, until 
the temperature of the contents had fallen below 10°, and one-
half ml. of a cold solution of papain-cysteine (prepared aa 
previously descr-lbed) was added. All the reaction mixtures 
It was necessary to pipet the basic phenylmercurlc nitrate 
(0.01 M) from a hot solution since it was insoluble 
in the cold J chrysene was added as a solid (2 mgm.) 
and one-half ml. of a 0.1 M pH 5.0 citrate buffer was 
added. 
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were stirred well with a glass rod and the vials were incubated 
at 40°-l° for two hours.• (The vials were stoppered with 
paraffined corks after the contents had warmed up to 40^.) The 
vials were shaken several times during the reaction period. 
At the end of 2 hours the vials were cooled in an ice 
bath, and the contents were transferred to 25 mm» X 150 imn« 
teat tubes with the aid of 15-20 ml. of 1 K sodium hydroxide 
when benzoyl-DL-leucine was the substrate or 15-20 ml. of 1 N 
hydrochloric acid when carbobenzoxy-L-glutamic acid was the 
substrate* The residual anilidea were filtered, washed, dried, 
and weighed to the nearest milligram. 
In a few cases the anilides were contaminated with in­
soluble teat substances and it was necessary to either wash 
out the contaminants with a selective solvent or to dissolve 
the anilides in solvents in v/hicb the contaminants were in­
soluble. It should be pointed out, that had the test sub­
stances been completely insoluble in both the reaction mix­
ture and the wash solvents (1 N sodium hydroxide and water for 
benzoyl-^L-leucinanilide and 1 U hydrochloric acid and water 
for carbobenzoxy-L-glutamic acid anilide) the errors intro­
duced, had they not been removed, would have be^n quite large 
in some instances and negligible in others, depending on the 
THe pH values of several of the reaction mixtures were de­
termined. Within the limit of error of the pH meter, 
these were the same regardless of the nature of test 
substance, i.e. pH 4.95 when carbobenzoxy-L-glutamic 
acid was the substrate and pH 5.75 when beffzoyl-DL-
leucine was the substrate. " 
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molecular weight of the test substance and on the yields of 
the anllidea. Thus, for example, the usual control yield of 
benzoyl-L-leucinanilide was about 40 mgm« The contaminating 
teat substances of this anilide were in the main the reduced 
forms of 1,3,5 .-triphenyltetrazolium chloride and of 1,5-
diphenyl-34£-iodophenyl)—tetrazolium chloride (formazans), 
|j-lodoaniline, 2-h3'-droxy-5-methylacrylophenone, p-benao-
quinone, phenacyl bromide and cholestenona-e-aulfonic acid. 
Based on the fact that there was present at the highest 
conce:. ^ ratiuns of test substances, OoOOOOS raole of the mate­
rials, the maximum amounts of contamination expected from the 
above named compounds would have been about 16 ragra., 23 mgm., 
11 mgm., 7 mgm., 5 mgm., 10 mgm, and 23 mgrn^, respectively. 
In other words the contaminants, had they been completely in­
soluble, could have introduced errors rariging from about 12 
to 58 percent of the weit^ht of the controls, Hexane was used 
in attempts to remove all the above named contaminants except 
the choleatenon6-6-aulfonic acid. The an Hides, contained in 
25 mm. X 160 mm. tost tubeo, were treated v/ith about 25 ml. of 
the solvent, filtered and washed with more solvent until the 
washings ran clear. A total of about 50 ml. of the solvent 
was employed. A control sample was similarly treated to 
correct for possible solubility of the anilide in the solvent. 
Cholestenone-6-aulfonic acid was removed by washing the anilide 
v/ith about 25 ml. of 1 hydrochloric acid and after filtering. 
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the residue was further washed with 50 ml. of water. A control 
was similarly treated. The final weights of the anilides, 
after washing out the contaminants were then corrected for 
losses due to the soluToility of the anilide in the waah solvents. 
The usual control yield of carhobenzoxy-L-glutamic acid 
GS8 
anilide was about 90 mgm. The contaminants, in the main, 
appeared to be a reduced form of 1^5-diph0njl~3-{_£-iodophenyl)-
tetrazolium chloride (this was not simply a formaZf^n as it 
was Insoluble in hexane), 2-hydroxy-5-mathjlacrylophenon0, 
£-.bQSsoquinone, choleatenone-6«0ulfonl© acid and coumarin. 
The poaaLble amounts of these contaminantsj, assuming complete 
insolubility In the reaction mixture and washings were about 
23 mgmoj, 7 5 mgm., 23.ragm», and 7 mgmo respectively, or 
about 5 to 2b% of the control yield. The tetrazolium compound 
was eorrected for by dissolving, the anilid® in 1 N sodium hydro-
5t:id©o and after- oentrlfUi^ing the colloidal suapenaion^ the 
amount of tta© Insoluble residue was aatimatsd (2-3 mem®) and 
the orif^iifsal vQliS- t was corrected. The anilidea contaminated 
with 2<»hydg'O3Ey-5--i'a©tbylQcr-ylophenoE0 and ^-bensoquinone wore 
uashad v/ltb hexrAT©, aa described for bensoyl-L-leuclnanilld®, tiiSS 
It \yan obvious i>om tiie fact that the asi.;,12,d0s contaminatsfl 
Tjlth chDles'"eBono-6-sulfoiiie acid and couaiarin, wuZejliod mora 
t'-aa iiiQ c-.'Ttrols t^iat little or no inhibition iiad takoii 
plac3 and e".o atteap-isa ?,-er3 rarido to correct for thsse contam-
ira-'Iona« Beoause of t*".- variat'jkl o^dsting between the 
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weights of replicate samples, and the uncertaintiea regard­
ing the complete removal of contaminants^ it was arbitrarily-
established that yields of anil3.dQa deviating 15^ or less 
from the control yields should not be considered as indicative 
of inhibition. 
In a fev.' of the studies, it was found necessary or 
desirable to add the papain solutions, without added cysteine, 
to the teat substance Holutiona previous to the addition of 
the other components of the reaction ralxture. In these cases 
one-half ml. of the teat solution and one-half ml# of a papain 
solution, v/hich contained the soluble portion of 16 rngm. 
papain, were mixed. After the mixture had stood for the de­
sired one-half hour, 2.9 ml. of the buffer, in v/hich was 
dissolved 6.4 nibm. of cysteine hydrochlor3-de, was added. One 
nil. of the acylanino acid solution vras then added, and after 
the mixture had been cooled in an ice bath to below 10°, 0.1 
ml. of redistilled aniline was added. The remainder of the 
treatment was as described above. Melting point checks were 
run on samples chosen at random. 
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RESULTS 
Peptide Bond Synthesis and Hydrolyais 
Effects of varying pH, buffer concentration and acylamino 
acid on peptide bond synthesis 
The need for determining the effects of variation of pH 
on the synthesis of the various acylamino acid anilidea in­
vestigated^ was suggested hy results (not reported herein) 
obtained in connection with prelirainsiry studies on the syn­
thesis end inhibition of the synthesis of carbobenzoxy-^ 
glutamic acid an Hide. The conditions employed in these 
initial studies followed those given by Fruton, Irving and 
Bergmann (90), who utilized 0,02 M citrate buffer at an 
apparent pH of 5«0. It was noted that addition to tha r®« 
action mixture of certain substances, e«g*, hydantoinpropIonic 
acid, DL" and Ir-glutamic acids, etc., whose potential inhib-iraanSi sss 
Itory proprieties were being, tested, not only failed to inhibit-, 
but actually stimulated the reaction. This was evidenced by 
higher yields ofcarbobenzioxy-^glutamic acid anllidi6« Th© 
addition of an equivalent amount of propionic acid also 
resulted in stimulation* It thus beoaffie evldant that acidic 
substances were stimulating the reaotion and that the syn« 
thetic conditions given in the literature were possibly not 
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the optiraiim onoa."'^ Although Bergmsnn and Praenkel-Conrat (2) 
have Indicated that the enzymlc synthesis of carbobenzoxy-
glycinanllide waa quite pH sensitive, with an optimum at about 
pH 4.6, no other Instances of similar studies y/ere cited by 
the authors. In fact, it appears that the conditions employed 
throughout moat of the investigations of the Bergmann group 
were usually the same except with respect to the nature of 
the acylated substrate. It thereby became evident that the 
determination of the pH optimum for the syntheaia of carbo-
benzossy-^glutamic acid anilide was fundamental to further 
studies• 
At the same time, obaervatiuns by Pettlniia (101) indi­
cated the utility of higher concentrations of buffers. 
Initial studies conducted at several pH values in both 1.0 M 
and 0,1 M citrate buffers indicated that not only was the pH 
optimum for the synthesis of carbobenssoxy-L-glutaraic acid BH 
anilide lower than that Implied by the work of Pruton and 
associates (90), but that somewhat higher yields of the anilide 
were obtained at the higher buffer concentrations, 
¥ Ibdoacetic acid,'however, completely inhibited the re­
action. In view of the demonstrated inhibitory 
properties of this compound toward papain, this 
result waa not unexpected. 
(101) Pettinga, "Factors Affecting Enzyraic Peptide Bond 
Synthesis", Unpublished Ph.D. O^heaia* Ames, 
Iowa. Iowa State College Library* 1949, 
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The use of the acylamino acid a studied was suggested "by 
the fact that the literature reported practically no Investi­
gations in which attempts had been made to correlate the 
effects of varying both the nature of the amino acid and the 
nature of the acyl group on the ability of the compounds to 
react, under enzymic influence, with aniline, Tha desirability 
of such type studies waa further indicated by the work of 
Pox and asaociatea (97]^ who observed that the two structur­
ally similar acylamino acids, benzoyl-JDI^valine and benzoyl-
Dlfleucine, gave markedly different yields of th© corF®spond-
ing anilides under similar reaction oonditionaBaaed on 
these obaarvationa, which indicated that alight structural 
differences in the amino acid residue ^ave rise to pronounced 
differences in reactivity, it WQS decided that further In­
vest lgatl.ons , in which not only the effects of varying the 
amfio acid but also the effects of varying the acyl groups, 
wore in order* Consequently, the benssoyl, ^-nitrobenzoyl, 
earbc/u'0nao3Ey and earboallyloxy derivatives of the four amino 
oaids, glycine, valine, DL-leucine and ^glutamic acid 
\7ere prepo^od and their abilities to undergo enzymic peptide 
bors'l (anilide) syntheses were studied at varying: pIT values 
and at ivvo buffer concentrations. A typical representative 
Uiipi:l3lish3d experiments hj Pox, Fettlnga and Ilalveraon 
have indicated that tliose aifferences were not due 
to differena©s in solubility of the anilides, 
tat rather to i3ifferoncea in the rate of formation 
of the anilldss. 
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of oaoh of these compounds is Illustrated below; 
0 
II 
G 6H5-C-K-CHg-C OOH 
! 
0 H 
11 I 
P-.MO2-C6H4-G-N-G-COOH 
H H I 
.C-H 
H3C ^ GH3 Benzoylglycine 
p-Nitrobenzoylvaline 
GQH5Clig-0-.G-K-G-C00H 
H Ci% 
0 H 
II 
H H OH 
11 II I 
HG=C-CBg-0-C-N-G-C%GH2-.G00H 
H GOOH 
GH 
/ \ 
i%0 OHg Garboallyloxyglutamic acid 
Garbobenzoxyleucine 
The choice of the particular compounds studied was 
dictated partially by the availability of the starting mate­
rial and partially by the interrelationships existing between 
either the amino acid residues or the acyl groups. Thus, 
glycine was selected because it does not exist in optically 
active forma: DL-valine and DL-leucine were selected because 
' mmm mmtm 
of the marked differences in the reactivity of their benzoyl 
derivatives noted by Pox and coworkers, and ^^g.lutat'iic acid 
was chosen as representative of the monoamlnodlcarboxylic acids 
The results on the synthesis of the various anilidea, 
obtained by varying both pH and buffer concentrations, are 
indicated graphically in Figures 1 through 4. The ordinates 
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represent percent yield of the anilides haaed. In the caaea 
of the optically active forma, on the theoretically poaslble 
yield of the L form? the ahsciasaa represent the initial pH 
ssss 
values of the reaction mixtures. All curves shown are for 
reactions carried out for 72 hours at 40"^ i" l^. The pro­
portions of the reactants employed were: 0.0005 mole of 
acylamino acid (regardless of configuration), 0.0011 mole of 
aniline, a centrlfuged solution of 16 mgm. commercial papain, 
and 6.4 mgm,. of cysteine hydrochloride all in 5.0 ml. of 1.0 
M or 0»1 M citrate buffer.The optimum pH ranges and the 
percentage yields in these ranges for the various acylamino 
acids are indicated in Table 2. 
An examination of both the tabulated data and the curves 
indicates the following facts and relationshipss 
1. Without exception, the pH optima for those systems 
which gave a measurable yield of the anilide were 
lower when 0.1 M citrate buffer was employed than 
when the 1.0 M buffer was used. 
2. With but one exception, i.e., carbobenssoxy-L-
leucinanillde, the yields of the anilides, when 
As has been Indicated in the experimental section, the 
citrate concentrations for some of the citrate buffers 
were of necessity somewhat higher than 0.1 M for re­
action mixtures having pH values of about 4 or lower. 
These slightly higher concentrations probably had 
little effect on the reaction since either low or 
no yields at all were generally obtained at these 
lower pH values in the dilute buffers. 
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Fig. la 
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Fig. llD 
Ig. 1, Effects of pH and Citrate Buffer Concentrations on 
Yields of Benzoylamino Acid An Hides 
Buffer concentrations were j Fig. la, 1.0 Mj Fig* IV)? 
0.1 M, Yields were baaed on theoretical amounts of 
L-forras. Curves 1,2,3 and 4 are for the glycine 
"t-valinep I-leucine and L-e,lutaraic acid derivatix^es 
respectiva'Xy. "" 
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Fig. 2a 
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Pig. 2b 
B'ig. 2. Effects of pH and Citrate Buffer Concen tratlc-n on 
Yields of ^-'Witrobenzoylaraino Acid Anilides 
Buffer concentrations were? Fig. 2a, 1.0 M; Pig. 2b, 
0.1 M. Yields were based on theoretical amounts of 
L-forms. Curves 1,2,3 and 4 are for the glycine, 
L-valine^ L-leucine, and L-glutamic acid derivatives 
reapectiveTy. 
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Q 6 0 
LU 
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pH 
Pig. 3a 
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>-
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pH 
Pig. 3b 
Pig, 3. Bffects of pH and Citrate Buffer Concentrations on 
yields of Carbobanaoxyamino Acid Anilides 
Buffer concentrations were: Fig. 3a, 1.0 Mj Fig. 3b, 
0,1 M, yields were based on theoretical amounts of 
L«forma, Curves lj.2,3 and 4 are for the glycine, 
X-valine, L-leucine, and L-'glutamic acid derivatives 
reapectiveTy. 
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Fig. 4. Effects of pH and Citrate Buffer Concentrations on 
Yialda of Carboallyloxyamlno Acid An Hides 
Buffer concentrations v/ere; Pig. 4a, 1*0 Mj Fig. 4b, 
0,1 M. Yields were based on theoretical amounts of 
L-forms. Curves 1,2,5 and 4 are for the glycine 
L-valinej, leucine, and X-glutamic acid derivatives 
respectively. Absence of a curve for any of the 
compounds Indicates that measurable yields were not 
obtained. 
Table 2  
Optimum pH Ranges and Approximate Yields of Anilidoa for 
Various Acylamino Acida3 
Acylamino Acid Optimum pH Range^ Percent Yields 
of Anilides^ 
1 M Buffer 0.1 M Buffer 1 M BViffer 0.1 M Buffer 
Benzoyl glycine 5,4-5»6 4.5-4.7 60 25 
Benzoyl-DL"valine 5.S«5#4 4.9-5.1 40 4 
Ben z oyl-'PL- le uc in e 5.6-5,8 5.0-5.2 100 100 
Benzoyl-2j-Sl^ '^fcamic acid 4»3*»4 • 5 4.1-4.3 60 60 
p-Nitrobenzoyl glycine 5,S-5.6 4,8-5,0 45 15 
p-¥itroben zoyl-DL-valine 5.7-5.9 5.4-5.6 7 2 
p-TJitrobenzoyl-^  ^leucine 5»9-6.1 5.7-5.9 85 85 
p-Kitrobenzoyl-Jr-glutamic acid 4.7-5.0 4.3—4.5 85 60 
Carboben Esoxyglycine 5.1-5.4 4.2-4.4 70 30 
Oarbobenzoxy-M.-valine 6.2-6.4 5.5-5.7 15 10 
G arboben zoxy«^r> leucine 6»3-6.5 5.6-5«8 70 90 
Carbobenzoxy-^glutamie acid 4.6-4.9 4.1—4.3 95 95 
C arbo a 1 ly loxy gly c in e 5.1-5.3 20 mm «i» 
Garboallyloxy-^SL-valine 5•3—5.5 «» «Mi WH M» 8 tm mm 
C arbo ally loxy-^L-leuc Ine 5.3-5.6 4.6-4.8 95 70 
Garboallyloxy-J^glutamic acid «w an M maum M» *a» «» «•» 
-I ' 
See text for conditions. 
^Given to the nearest except where the yields were "below 10^. 
Table 2 (Continued) 
studies were not carried out concurrently. The data for the curves were 
obtained by studying the acylaraino acids in pairs. Thus the acylglycine 
and the corresponding acyl-DL-valine compounds were studied together? 
similarly the acyl-DL-leucine and corresponding acyl-1>glutamic acid 
derivatives were investigated at the same time. The ^ ove results, taken 
from Figures 1 to 4, are the mean values of duplicate runs. The yields 
are the mean values obtained at the optimum pH ranges. 
I to OJ 
& 
I 
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1®0 M citrate was employed, v/ere equal to or greater 
than the yields in the 0,1 M 'buffersin two in­
stances, carboallyloxyglycinanilide and earboally-
loxy-^valinanilide, measurable yields were obtained 
only when the 1.0 M buffers vjere used. 
In the case of both the 1,0 M and 0.1 M citrate 
buffers, the pH optima for all the acylglutamic acids 
which gave measurable yields of an Hide were lower 
than the corresponding acyl derivatives of the 
raonoaminomonocarboxylic acids« 
With few exceptions the pH optima of the acyl deri­
vatives of glycine, DL-valine and DL-leucine showed I i''•! I'l SSS7 
the following relationships to each other: acyl-
glycine = acyl-DL-valine ^  acyl-DL leucine. 
SSSSSS SSS5 
Although changing the acyl group of any one amino 
acid residue resulted in a different pH optimum for 
that residue, the order of change was not the same 
for all the amino acids observed. For example, the 
order of pH optima for the acylglutamic acids in 
1.0 M citrate buffer waa benzoyl < carbobenzoxy 
£~nitrobenzoylJ for the corresponding acyl-DL-
was noted that the carbobenzoxy-DL-leucine tended to 
oil out readily from the 1.0 ffSuffer solutions. 
This may account for fact that a lower yield of the 
an Hide was obtained in the higher concentration 
buffer• 
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iQucine derivatives, the order was benzoyl < 
^-nitrohenzoyl < carbobenzoxy• 
6» In regards to the yields of the an Hides of the 
acylmonoaminomonocarboxylic acida, the order, in 
both concentrations of the buffers, was almost con­
sistently acyl-DL-leucine > acylglycine > acyl-DL-
valinei, With the exception of carboallyloxy-L-
glutamic acid which failed to yield an an Hide, 
the acyl derivatives of glutamic acid gave yields 
of anilidea comparable to those of the correspond­
ing leucine derivatives. 
Enizymio hydrolyaia of peptide bonds 
In order to determine whether variations in the nature 
of the amino acid residue and the acylating group would 
affect the hydrolytic abilities of papain in the same manner 
as they affected the synthetic abilities, the preparations 
of amides, corresponding to the acylamino acids studied, 
were undertaken* Investigations comparable to those made 
on the acylamino acids, i*e* effects of varying both pH 
and buffer concentrations, have not as yet been carried out 
and only results of a preliminary nature have been obtained. 
Since benzoyl-DL"leucine and benaoyl-DL-valine had been 
shovjn to have pronounced differences in reactivitiea as sub­
strates in the anilide syntheses, studies were carried out 
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to determine whether similar differerjce-g existed in the 
reactivities of their amides as hydrolytic substrates for 
papain. Also investigated as a third member of the series 
was benaoylglycinamid©. The procedures for carrying on 
these studies have been presented in the experimental 
section. The proportions of reactants were: benzamino 
acid amide, 0.00002 moles, based on the L-form when DL-
compounds were used, a centrifuged solution of 1»0 mgm. 
of commercial papain and 1.0 mgm. of cysteine hydrochloride 
all in 1.0 ml. of 1 M or 0.1 M pH 5 citrate buffer. T'he 
results are summarized in Table 3. 
Although the results are somewhat incoinplete, they tend 
to indicate that the order of hydrolysis was benzoylglycin-
amide ^  benaoyl-DL-leucinamide ^  benzoyl-DL-valinamide in 
the 1.0 M buffer, and benzoyl-DL-leucinamide = benzoyl 
glycinamid©^ benaovl-DL-valinamide in the 0.1 M buffer. 
These results agree, to some extent, with those observed 
for the anilide syntheses, since both the glycine and 
leucine derivatives were more reactive than the valine com­
pounds. ilowevar, the order of these reactivities appear to 
differ in going from the 1.0 M buffer to the 0.1 M buffer. 
In addition, ben zoy 1«-D L" leuc in amid e was hydrolyzed to a 
Table 3 
Effects of Varying Substrate and Buffer Concentrations on 
the Hydrolysis of Several Benzamino Acid Amides 
Substrate Percent Hydrolysis 
Run No. 2^ 
1 M Buffer 0.1 M Buffer 
Run 
1 M Buffer 
Ho. 3^ 
0,1 M Buffer 
Benzoylglyclnsmlde 51 22 36 21 
Benzoyl-DIr-valinamide 43 43 43 
Benzoyl-DL-leucinaraide 123 13® 23® 
6^5 hours at 40°» 
^51 hours at 40°. 
®Based on assumption that only the ^ form was hydrolyzed* 
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greater extent In tbe 0.1 M buffer than in the 1,0 M buf­
fer 
Such results definitely indicate the need for studying 
the hydrolytic reactions at var3rlng pij values as well as at 
different buffer concentrations. It may well be the case, aia 
has been previously observed in tbe synthetic studies, that 
the pn optima are higher in 1.0 M citrate than in 0.1 W 
citrate, and therefore, carrying out the reaction at the 
single pH of 5.0, as waa done in the above case, does not 
give as complete a picture of the reactivities of the sub­
strates . 
Inhibition of Peptide Bond Synthesis 
A detailed discussion has already been given in the 
Experimental section regarding the conditions chosen for 
carrying out the inhibition studies. It was noted that a 
2 hour reaction period was chosen for the two ai±)stratea 
employed viz. carbobenzoxy-^^glutamic acid and benzoyl-DL-
leucine, because preliminary studies had indicated that 
many compounds which had seemingly inhibited synthesis in 
the early stages of the reaction appeared to be without 
>  M . M I  I  I ,  ,  I  
Similar results indicatinj^ that benzoyl-DL-leucinamide 
waa hydrolyzed to a greater extent fn the 0.1 M 
buffer were obtained in a previous run. However, 
these results have not been cited because of poor 
temperature control during the course of the 
reaction. 
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effect if 2Ji©asurements were made after a 3 day period. When 
viewed from, the kinetlo standpointj such results were not 
unexpected. Figure 5 illustrates to what e:Ktent the two syn­
thetic reaction!;"! varied with an incr^aae in ti)nrie as measured 
by the yields of the anilldea. In essence, both reactions 
were completed within a 24 to 52 hour period. If then, an 
inhibited reaction, i.e., a retarded reaction, was allowed 
to continue for 72 hours, it is not improbable that a 
theoretical yield of the- product could be obtained because of 
this longer reaction period. Further ezamination of Figure 5 
indicates that both reactions went to about &0fo completion in 
2 hours. This time interval was that selected as the standard 
reaction period• 
The concentrations of teat substances (potential lnhlb~ 
itors) employed were, in the majority of cases, 0,01 M and 
0.001 M. The former concentrations were then only slightly 
greater than the concentration of cysteine hydrochloride 
which was alvifays 0*008 M (6.4 ingm./5 ml.). Thus, even if the 
test substance were cafjable of reactinj^  quantitatively v;ith 
the activator, a sufficient amount still reicained to react, 
in part at least, with the enzyme. The highest concentration 
of basic phenylmercuric nitrate used (0.001 M) was limited by 
the solubility of the compound. The concentr^^tions of 
iodoacetic acid employed, 0.0001 M and 0.00001 Mjwere based 
on preliminary observations which indicated the hi^ potency 
of this compound as an inhibitor. 
Q 60 
40 
0 
Fig. 5 <  
8 16 24 32 40 
HOURS 
48 56 64 
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anilids (curve 1) 
{curve 2) 
synthesis of carbobensoxy-L-glutamic acid 
and of benzoyl-L-Teucinanilids 
t 
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S 
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As has been noted in the Experimental section, several 
procedures were utilized in studies of the effects of the 
test compounds on peptide bond synthesis as catalyzed by 
papain. Table 4 is a summary of the results obtained whan 
the reactants were added in the following order; inhibitor 
solution, buffer solution, aniline, acylamino acid solution 
and papain-cysteine solution. In this case then, the papain 
was not pretreated with the inhibitor, but was pretreated 
with the activator (cysteine). 
Ito evaluating the results £,iven in Table 4, and in sub­
sequent tables of a similar nature, it was necessary to set 
some arbitrary limit to the values that could be considered 
as indicative of inhibition {or activation) and also to the 
values that could be considered as falling within the range 
of experimental error. As was indicated in the Experimental 
section liiis value was set at ^15%g i.e. 15% greater or 
or lesser yield of the anilides compared with the controls 
were considered as indicative of neither inhibition nor acti­
vation. On this basis, the following statements maybe de­
duced from Table 4; 
1. The percents of inhibition of the synthetic reactions 
studied were, within the limits of experimental error, 
independent of the nature of the substrates when 
lodoacetic acid, copper sulfate, p-benzoqulnone, 
sodium bisulfite and hydroxylamine were used as in­
hibitors. The order of these effects, with the 
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Table 4 
Effects of Test Subatancea on Enzyraic Anilide Syntheses? 
Papain Hot Pretreated by Inhibltora 
Teat Substance 
Percent Inhibition^ 
Concentration^ Carbobenzoxy- Benzoyl-L-
of Test Sub- L-glutaraic leucinanT-
stance. M ^cid Anllide^ lide^ 
lodoacetic acid 
lodoacetic acid 
Dlchloroacetyl-M-
valine 
Phenacyl bromide 
Phenacyl bromide 
jD-Iodoanlline 
£-Iodoaniline 
Basic phenylmercuric 
nitrate 
5 Copper sulfate 
Copper sulfate 
Malelc acid 
Maleic acid 
Pumaric acid 
2 -Hyd r oxy- 5-nio thy 1-
acrylophenon© 
^-Benzoquinone® 
^"Benzoquinone 
2«Methyl»l,4«naphtho-
quinone bisulfite 
Sodium bisulfite 
Sodium bisulfite 
Hydroxylamin© 
Hyd roxylamine 
Phenylhydrazin© 
0.0001 
0.00001 
0,01 
0,01® 
0.001 
0.01 
0.001 
0.001 
0.0001 
0.01 
0.001 
0.01 
0.001 
0.01 
0.01® 
0.001 
O.Ol® 
0.001 
0.01 
0.001 
0 .01 
0.001 
0.01 
0.001 
0.01® 
100 
100 
0 
98 
56 
0 
0 
31 
0 
100 
38 
90 
30 
73 
20 
17 
18 
13 
100 
51 
100 
80 
26 
0 
"•10 
100 
92 
8 
67 
0 
24 
20 
66 
11 
100 
41 
65 
14 
12 
43 
9 
22 
10 
91 
22 
100 
66 
36 
8 
12 
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Table 4 (Continued) 
Percent Inbibition^ 
Concentration^ Garbobenisoxy- Benzoyl-Jf-
of Test Sub- L-glutamic leucinanT-
Test Substance atancs, M li!cid Anilide® lids'* 
2„5,5~Triph©nyltetra- 0.01 52 16 
zolium chloride" 0,001 0 8 
2,5-Diphenyl-3-(£- 0.01 31 0 
iodophenyl)-tetra- 0«001 9 7 
zoliura chloride'^ 
Chrysene Satui»ated 0 0 
Cholestenone-e-SOgH 0^01® 0 0 
Ethyl carbamate 0#01 10 0 
Betaine 0.01 10 0 
Coumarin 0»01^ 0 0 
Indoleacetic acid 0*01® 10 12 
Puroic acid 0.01 0 7 
o-Hydroxyphenylacetic 0*01 12 13 
acid 
Carboallyloxy-L-glutamic 0.01 0 0 
acid ** 
^The amounts of test substances added were such as to give 
these final concentration had they been completely 
soluble. 
^Percent inhibitions were calculated with respect to the con­
trol yields • The time of the synthetic reaction was 
2 hours• 
^The pH values of the reaction mixtures were 4.95 i" 0.05. 
T^he pH values of the reaction mixtures were 5.75 ^  0.05. 
5some reaction between the copper sulfate and the cysteine 
was observed. 
6|5ome reaction between the ^ g-benzoquinone and the aniline 
was observed. 
^Apparent reactions between the tetrazolium salts and th© 
acylamino acids, especially carbobenzoxy-^glutamic 
acid were observed. 
^Test substance not completely soluble at these concentrations. 
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excluslox:! of iodoacetic acid which was by far the 
most effective inhibitor studied, was sodium 
bisulfite = copper sulfate > hydroxylamine > 
j3-benzoquinone, for 0.01 M concentrations of test 
substances; for 0,001 M concentrations of test sub­
stances, the order was sodium bisulfite > copper 
sulfate > hydroxylamine ^  p-benisoquinone. 
2. The percenta of inhibition of the synthetic reactions 
studied appeared, in certain instances, to be de­
pendent upon the nature of the substrates. Thus, in 
concentrations of 0.01 M, phenacyl bromide, maleic 
acid, fumaric acid, 2,3,5-trlphenyltetra2olium 
chloride and 2>5-diph8nyl-3«(£-iodophenyl)-tetra-
zolium chloride inhibited the synthesis of carbo-
benzoxy-L-glutamic acid anilide more effectively than 
that of benzoyl-L-leucinanilide. In con centratioos 
of 0.001 M, both phenacyl bromide and maleic acid 
still effectively inhibited the first above mentioned 
synthesis, but had little or no effect on the second. 
Although 2-methyl~l#4-naphthoquino(n0 bisulfite in­
hibited both reactions equally as well at concentra­
tions of 0.01 M, it apparently Inhibited the syn­
thesis of carboTbenzoxy-L-glutamic acid anilid© more 
strongly at a concentration of 0.001 M. 
3. In contrast to the above observation a 0.001 M basic 
phenylmercuric chloride, and 0.01 M 2-hydroxy-5-
-3.07-
methyl-aerylophenone and Inhibited 
the synthesis of "benzoyl-I^leucinanilide to a 
greater extent than tiiat of carboben2oxy~I^glutamic 
acid anilide. A possible explanat^lors for the obser­
vation that ^ -iodoanilins v/as as effective an in­
hibitor of the syntl:::©si3 of benzoyl-^leucinanide 
at both "0.01 M" and "0,001 M" concentrations may 
depend on the fact that the compound was insoluble 
in both these caaea. 
It was noted (Table 4) that _p-benzoquinc«ie apparently 
reacted with the aniline, a factor which might have greatly 
diminished its inhibitory power. Therefore, studies were 
conducted to determine whether the addition of enzyme to the 
inhibitor solution 30 minutes prior to the addition of the 
other components would lead to significantly different 
results. At the same time several additional compounda were 
investigated, with the inclusion of two, sodium bisulfite 
and hydroxylamine, which had been studied previously (see 
Table 4). The pcocedure was raod ified to allow the papain 
solution, without added cysteine, to react w1.th the in­
hibitor solution for 30 minutes. The buffer solution con­
taining the proper amount of cysteine, the acylamino acid 
solution and the aniline were then added in the order given. 
The results are summarized in Table 5» 
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Tabl© 5 
Effects of Teat B-ubstances on Enzyralc Anilide Syntheses 
Papain Pretreated by Inhibitor 
Test Substance 
Concentration^ 
of Teat Sub­
stance, M 
Percent Inhibition^ 
Carbobenzoxy- Benzoyl-Ir-
Ii-glutamic LeucinanT-
Tcid Anilide^ lide^ 
g-.Be n s o quln on e 0,01 20 73 
£-Benaoqulnon© 0,001 5 39 
Sodium bisulfite 0.01 100 96 
Sodium bisulfite 0.001 64 40 
Hydroxylamina 0.01 61 85 
Hyd roxy larain e 0,001 6 16 
Barbituric .^oid 0.01 17 22 
Barbituric 4cld 0,001 7 12 
Nitrous acld^ 0,01 100 100 
Nitrous acid 0.001 34 42 
Formaldehyde 0.01 42 46 
Formaldehyde 0,001 0 0 
Potassium ferricyanide 0,01 100 100 
Potassium ferricyanid e 0.001 12 23 
^These were the final concentrations after all reactants had 
been added. Actually the enzyme was pretreated for 30 
minutes with concentrations of 0.05 M and 0.005 M. 
^Percent inhibitions were calculated with respect to the 
control yields. The tiire of the synthetic reaction 
was 2 hours• 
®The pH values of the mixtures were 4.95 ^  0.05. 
^The pH values of the mixtures were 5,75 0.05, 
^Apparent dia25otl2ation of aniline and coupling was observed. 
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A comparison of Tables 4 and 5 tends to indicate that, 
•with utilization of the modified procedure, _g-benzoquinone 
waa a more effective papain inhibitor only in the case where 
bon zoyl-DL"leucine was employed as the s ubstrate. Hydroxy1-
amine, however, inhibited both reactions to a greater degree 
than was previously noted. Although 0<»01 M sodium bisulfite 
was a complete inhibitor under both sets of conditions, it 
was apparently slightly less effective by the latter metho«a 
in 0.001 M concentration. 
Both nitrous acid and potassium ferricyanide (Table 5) 
inhibited the two reaction s completely at ccx) centrations of 
0»01 M« Although nitrous acid was moderately effective at 
the lower concentration, potassium ferricyanide showed marked 
decrease in inhibitory powers, Pormaldehyde inhibited both 
reactions equally at the higher concentration but was without 
effect at the lower. 
Reference has previously been made to the investigations 
of several workers -wiiich indicated that the inhibition of 
papain by iodoacetic acid was not reversed by the addition of 
sulfhydryl activators. These claims were seemingly verified 
by the results of Table 4 which demonstrated that essentially 
complete Inhibition of both synthetic reactions was realized 
with 0.0001 M and 0.00001 M iodoacetic acid, despite the fact 
that the cysteine concentration v/as 0.008 M. It was of in­
terest, however, to determine whether iodoacetic acid had 
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completely inactivated papain or whether the inhihitlon was 
merely a retardation of the reaction. Consequently, in 
certain instances the reactions, carried out in accordance 
with the procedure followed for the compounds of Table 4, 
were allov/ed to proceed for a 72 hour period. The results 
are shov/n in Table 6« The 2 hour results have been taken 
from Table 4. 
Table 6 
Effect of Reaction Times on Inhibition of Anilide 
Syntheses by lodoacetic Acid 
Concentration of 
Carbobenzoxy 
Acid Anilide 
Percent Inhibition^ 
-I^glutamic Benzoyl-L-
leucinanTlide'^ 
lodoacetate» M 2 hours 72 hours 2 hours 72 hours 
0.0001 100 35 100 98 
0,00001 100 24 92 79 
^Percents inhibition were calculated with respect to the con­
trol yields• 
•^The pH values of the mixtures were 4.95 ^  0•OS. • 
^The pH values of the mixtures were 5,76 ^  0.05. 
The results presented in Table 6 indicate greater 
differences in the degrees of the inhibition of papair> with 
time, at both concentrations of iodoacetic acid when 
carbobenzoxy-^Slutamic acid was the substrate than when 
benzoyl-DL~leucine was employed as the substrate. These 
results will be interpreted in the section to follow. 
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Table 7 
Essentiality of Cysteine as Activator in Anilide Syntheses 
Percent Yield of Anilide^ 
Carbobenzoxy-^ 
glutamic acid"" Benzoyl-^ 
Papain Cysteine Anilide^ leucin anTlide^ 
Preparation Added 2 hours 24 hours 2 hours g4 hours 
Commercial No 12 38 5 6 
Commercial Yes 52 94 52 94 
H2S-treated No 7 25 4 5 
HgS-treated Yes 67 92 75 94 
^Baaed on theoretically possible yields, 
^The pH values of the mixtures v/ere 4.95 - 0.05. 
®The pH values of the mixtures were 5.75 - 0,05. 
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Although Berginann and Praenkel-Conrat (2) have indicated 
the essentiality of cysteine or other activators for the 
synthetic activities of papain, it was of interest to recheck 
these observations and also to ascertain -ssihether the effects 
of omittina the activator would be independent of the nature 
of the substrate. S-tudies were therefore carried out with 
two papain preparations, a commercial preparation and a 
hydrogen sulfide-treated preparation. Portions of the two 
preparation solutions were preactivated with cysteine hydro­
chloride; no activator was added to the remainin^j portions. 
Carbobensoxy-I^jslutaraiG acid and benzoyl-DL-leucine were 
used as the substrates. The results are summarized in 
Table 7» 
An examination of the results of Table 7 reveals that 
while cysteine is necessary for the complete activation of 
papain, it is apparently not required to the same extent 
for both substrates. Thus, the synthesis of carbobenzoxy-
L-glutamic acid proceeded to 25% of completion within 24 
hours in the presence of the "activator-free" enzyme. The 
synthesis of benzoyl-L-leucine, on the other hand, took 
place to a very limited defc>ree. 
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DISCUSSION AKD INTERPRETATIONS 
Peptide Bond Synthesis and Hydrolysis 
The importance of precise pH ccntrol in enzymic reactions 
was early emphasized by S5rens©n (102) who showed that the 
acomalous results obtained in studies of the reactions in 
different acids could be reconciled if the hydrogen ion con­
centration were considered. Indeed, in any investigation 
concerned with the properties of an enzyme, a determination 
of the effects of the variation of pH on the activity of the 
enzyme ia of primary importance. While most studies have 
appeared to 3.ndicate that enzymes exhibit their maximum 
activity at a definite pH, i.e®, an optimum pH, further evi­
dence has also indicated that the nature of the substrate 
may influence the pH optimum- In 1922, Northrop (103) re­
ported that the pH optimum for the digestion of several 
proteins by pepsin or trypsin varied with the different 
proteins and could be predicted from the titration curves 
of the proteins if it were assumed that pepsin reacted with 
the positive protein ion and trypsin with the negative 
protein ion. 
(102) Sorenaen, Blochem. Z., 131 (1909). 
(103) Northrop, J. Gen. Physiol,, 263 (1922). 
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Mention has already been made concerning the observa­
tions of WillstStter and associates (59,60) which indicated 
that the optimum pH values for the digestion of gelatin, 
peptone, and fibrin by papain were close to the isoelectric 
points of these substrates, namelyj, 5, 5, and 7.2, respective­
ly. Lineweaver and Schwiiraaer (104) in studies with crystal­
line papain, found that similar relationships existed for 
the crystalline enzyme. Thus the pH optimum when gelatin 
was used as the substrate was 5.2, whereas for denatured 
casein, denatured egg albumin and denatured hemoglobin, the 
optimum values were approximately 7. In a study concerned 
with the effects of pH on the activity of purified trypsin, 
Kunitz and Horthrop (105) observed that the activity of the 
enzyme dropped off rather rapidly as the pH became greater 
than 8.0, despite the fact that the substrate (casein) was 
present in a digestible form at the higher alkalinities. 
They concluded that trypsin exists in both an active and 
inactive form which are in equilibrium with each other and 
that the equilibrium is shifted in the direction of the 
Inactive form at pH values greater than 8.0. 
It thus becomes evident from the above cited Investiga­
tions that the optimum pH of an enzymic reaction may be 
dependent on the existence of both the enzyme and the 
(104) Lineweaver and Schwiramer, Enzymologia, 10, 81(1941-42). 
(105) Kunitz and Northrop, J. Gen. Physiol.j 17, 591 (1934). 
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substrate In definite forms* Wilson (106) hss laiscussed the 
effects of pH ors enzymea and substrates and has Indicated 
that both may exist in "active" forms, the amount of such 
forms present at any one time being functions of the pH. 
I'h© optimum pH is then that value at which the product of 
the concentrations of the active forms of the enEyme and the 
substrate is a maximum. It is quite conceivable that similar 
reasoning may be applied in an attempt to explain. In part, 
the differences in the pH optima noted for the various 
acylamino acida (see Table 2 and Figures 1 through 4). 
In regard to the pH optima for the acyl derivatives of 
L-glutaraic acid, it was noted that in all cases in both 1»0 M 
and 0.1 M, the optimum values were consistently lower than 
those of the corresponding derivatives of the monoamlnomono-
carboxylic acids. Such results suggest that the differences 
may, in part, be attributed to the second carboxyl group of 
glutamic acid, and that the synthetic reactions take place 
most readily when this group exists in an undisaociated form. 
The sharp decreases noted in the yields of the anilidea at the 
lower pH values may be due to a decrease In the activity of 
papain at the higher acidities. Indeed, such conclusion is 
borne out by the investigations of Lineweaver and Schwimm©r 
(104) which indicated that crystalline papain was rapidly 
(lo6"5 Wilson, in Elvehjem and Wilson, "Respiratory Enzymes", 
p. 203. Burgess Publishing Company, Minneapolis. 
1939. 
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inactivated below pH 3 and above pH 12, The maximum stability 
was reported to be In the range of pH 5 to 6* 
The differences noted between the pH optima of the acyl-
^glutamio acids, although slight, raay be due to small varia­
tions In the strengths of these compounds as acids as a result 
of alteration of the acyl group. On this baaia, it might be 
concluded that the aoid strengths of the acyl~L-glutanilc acids 
3(S 
stand in the order benzoyl > carbobenzoxy > ^ -nltrobenzoyl. 
However, the fact that this order is neither borne out by the 
optima for the acylglutamic acids in 0»1 11 buffer, nor does 
it hold, in general, for the corresponding acyl derivatives 
of the raonoaminomonocarboxylic acids, makes such a conclusion 
an unlikely one. 
It is conceivable that structural differences, other than 
those which affect acidity of the substrates, play an impor­
tant role in determining differences in pH optima. An illus­
tration of such a phenomenon has been cited by Pettinga (101), 
in the case of the synthesis of IJ-benzoyl-Jj-tyroainanilid®» 
Because of the acidic phenolic group, it was expected that 
the substrate, N-benzoyl-DIftyrosine would show an optimum 
pH close to that of benzoyl-L-glutamlc acid for the synthesis 
of its anilide. In contrast, however, the optimum value 
obtained was above pH 5.5« 
In reference to the pH optima of the acylmonoaminomono-
carboxylic acids, the higiier values observed for these com­
pounds as contrasted with the acylglutamic acids may, in part. 
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be dependent on the possitoility that relatively high concen­
trations of the undissoclated forms of these acids exist at 
the higher pH values. If the undissociated forms of the acy-
lamino acids are then the "active" forms and, as has been 
indicated, papain is most active in the pH range of 5 to 6, 
it miabt then be expected thot the pH optima for the acyl-
TnonoaMinoraonocarboxylic acid w)uld be somewhat higher than 
those of the acylated dioarboxylic (glvitaraic) ae;'.ds • A 
possible verification of the proposal that the undissoeiated 
forma of the acylamino acids are also the active forma may 
be found in the work of Berginann and Fraenkel-Conrat (2). 
Studies by these workers on the snzymic synthesis of benzoyl-
glycine anilide from benzoylglycine and benzoylglycinamid© 
indicated that the latter compound reacted more readily with 
aniline than did the former. Kince the amide probably existed 
in a completely undissoeiated form at the pH of the reaction 
(4«77)j, the differences in rate may well have been due to the 
greater concentration of undissoeiated amide as contrasted 
with that of undissoeiated acid# It should also be stated, 
hovfevar, that Bergmann and B'raenkel-Conrat suggested that the 
difference in the two rates gave evidence that the trans­
formation of the amide into the anilide did not proceed 
through the intermediate stage of benzoylglycine, i.e. 
hydrolysis, but that the amino group in the molecule of 
benzoylglycinamido was directly replaced by the aniline resi­
due. 
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The results of Table 2 also indicate that, with but the 
single exceptional caae of carbobenzoxy-D^leucine, the yields 
of all the anilides obtained from the various acylamino acids 
were, for those reactions carried out in the 1.0 M citrate 
buffer, equal to or greater than the yields obtainod when the 
0.1 M buffers were used. While such results may also be due 
to differences in the ionic strengtha, preliminary studies'"" 
carried out with carbobenzosy-^i^lufcamic acid as the substrate, 
indicated than when 3 M, 1 M and 0.1 M acetate buffers were 
used, the yields of the anilide varied inversely with the 
buffer strength. On this basis it is conceivable that the 
buffex's may, in SOK© manner, either exert a catalytic effect 
on the reaction or act as acti^Jators or Inhibitors of papain. 
Instances have been cited in the literature where variation 
in both buffer strength and buffer type have led to variations 
in reaction rates. Hammett (107) has discussed the decoia-
position of nitramide in the presence of various concentra­
tions of acetate and benzoat© ions and has indicated that the 
rate of breakdown was greater in the presence of higher con­
centrations of the buffers; the rate waa consistently greater 
in acetate than in the correspondinj^ con oentrationa of 
benaoate. B'urthermore, it was emphasised that the differences 
* irot presented in this thesis. 
(107) Haminett, "Physical Organic Chemistry", p. 216, McGraw-
Hill Book Co. Inc., Hew York. 1940. 
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noted In reaction rates at the Vf-irioua corscentrationR were 
independent oi? ionic stz'enj^th. This was evidenced hj the fact 
that the addition of sodiTom chlori<3e to the reactiors mixture 
had no effect. Kammett has cited this type of catalysis as 
''base catalysis^. 
Observations similar to sonie of those cited above and 
reported herein are not without precedence in enssymology• 
Howell and Sunmer (108), in a study of crj'-stalllne urease, 
found that the activity of the enzyme waa not only dependent 
upon pH, but upon the concentration of the substrate (urea), 
the buffer type and buffer concentration as v^ell. In their 
investij^ations on the effects of citrate, acetate, and 
phosphate buffers on urease activity, they found that the pH 
optima for urease, when the substrate concentration was 2.5^, 
were 8«4, 6.6 and 6.9 for acetate, citrate and phosphate 
respectively, 'ihe order of activity of the enzyme in the 
different buffers was citrate > phosphate acetate, Vfoen 
O.lj^o solutions of urea were employed, the pH optima were 6,7 
for acetate, 6.7 for- citrate and 7.6 for phosphate. The 
order of activity of the enzyme in the different buffers waa 
unchanged. siVhen pH and urea COL-Jcantration v/ere held constant 
a decrease in buffer concentration resulted in an increase 
in urease activity until a point vms reached beyond xii ich fur­
ther dilution had little effect or resulted in decreased ac­
tivity. 
Tl'bS)' "aowoil and Smnner, J. Biol. Chem., 104, 619 (1934). 
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From the above discuasion It bacoraes apparent that both 
the concentration and the nature of a buffer may have a marked 
effect on the activity of an enzyme syatexn. It becomes fur­
ther apparent, from the results reported herein, that citrate 
ion may have fractioned to eupplement the catalytic activity 
of papain in the anilide synthesepi. 
In view of the fact that throe of the acylglutamic aoida 
fjBve rather high yields of their respective anilidea in both 
buffer concentrations, the failure of CRrboal3-yloxy-L~glutamlc 3B 
to react v^as somewhat unexpected. Several likely explanations 
for this failure may be advanced: (1) the configuration of 
the carboallyloxy-^£,lutanic acid la j'uch that it ia either 
inGapab3.e of reactintj -vsXth the enzyme or, if the initial re­
action is between papain and aniline, with the enzyme-aniline 
complex; (2) carboallyloxy-L-iilutamic acid is an inhibitor of 
papain J and (3) carboallylo^cy-I^glfitaraic acid anilide is 
soluble in the reaction mixture* vrnilo definite evidence for 
or asair:.st the first possibility has not been obtained, a 
comparinon cf the yields of the three other acyl-^glutamic 
acid anilldea with those of the corresponciin^ L«leucine 8SB 
derivatives tends to indicate that tiie t,lutamlc acid com~ 
pounds react as readily as those containin^j leucine. In 
view of the high yields of carboallyloxy~L~leacinar:illde, it 
SOS 
might then be expected that carboallyloxy-L-glutamic acid 
would exhibit a similar degree of reactivity. In addition. 
-120-
if the failure of oarboallyloxy-L-glutamic acicl to react is 
due to "Improper" corifijiuration, than thio configuration 
muat 136 markedly different from those of the other acyl-
glutamic acids. 
In re^^ards to carboallyloxy-L-^lutaRiic acid actinia aa jssr 
an inhibitor, experiments wer© performed (Table 4) to teat 
the effects of this compound on t3ie onaymio synthesis of 
carbobenzoxy-L~^lutauiic acid anilide and "benzoyl-L-leucin-
anilide. !io inhibition was noted at a level of 0,01 ?;!, 
The third possibility i«e« that the anilide is soluble 
in the reaction mixture, miiaht be chocked by aynthesiziins 
carboallyloxy-I^glutamic acid anilide chemically and cora-
parin^^ its aolability with those of sotae enzyraically formed 
anilides e.g. carboallyloxy-L-leucinanilid©« 
Previous reference has been made in the Results section 
to the observationa of Pox and covrorkers (97) that, under the 
same reaction conditions, benzoyl-DL"leucine consistently 
fgave a markedly hijjiier -^ield of benzoyl~L»leucine anilide 
than did bei;Zoyl«D^valine of its corresponding anilide, 
AlthoUt,h the aorcentrat;lC'nH of reactant?: er-^riloyad in the 
present invostii^ation differed Eomev/]:':at froii thcae used by 
the above investiji,ators, the resijltp obtained were compara­
ble. In addition, it should be pointed out that the same 
relations held for all the acyl derilvativea of DL-leucine 
and DL~valine Irrespective of buffer concentration-. 
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Comparlson of the reactivities of the acyl derivatives of 
glycine, with those of PL-leucine and DL-valine, showed the 
following relationship, acjl-DL-leucine acylglycine 
acyl-PL-valine, held with few exceptions. Such results would 
tend to indicate that a specifity or "preference" of papain 
for the various monoaminomonocarboxylic acids, which is high­
ly sensitive to confij_,urational changes of the amino acid 
residue, may exist* 
While the results obtained from the benzamino acid amide 
hydrolysis studies (Table 3) verified the activity relation­
ship, acyl-Mf leucine ^  acyl-M-valine, which was shown in the 
corresponding anilide synthesis ^studies, the glycine compound 
was no longer Intermediate but exhibited greater reactivity 
than either the amide of DL-leucine or of PL-valine, It 
should be emphasized that the reactions 3.nvestigated were 
carried out at the same pH of 5,0 and it is highly conceiv­
able that this value Is not optimum for all the compounds 
studied• 
In support of the above assumption that the pH optima of 
the various acylamino acid amides may differ, the observations 
of Hoover and Kokea (109), and Fruton and Berj^Tnann (110) may 
be cited. The former ^ roup, utilizin^j papain, reported that 
the pH optima for the three synthetic substrates, benzoyl-
TIDTJ Hoover and Kokes, J. Biol. Ghem,, 167, 199 (1947), 
(110) Pruton and Bergmann, ibid«» 127, 627 (19S9), 
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arglri in amide, carbobenzoxy-^isogltitamine, and bet3Zoylglycin-
amide were 5«5 for the former compound and 5,0 for the two 
latter compounds, Sirllar type restilts were obtained by 
Bergmann and Pruton in studies on the lapecificity of crystal­
line pepsin. When carbobenzoxy-^glutamyl-^z-tyrosine and 
carbobenzoxy-If«glutamyl-^phenylalanine were utilized as 
substrates, the pll optima for the two compounds, 4«0 and 4,5 
respectively, not only differed between themselves but were 
far removed from the generally accepted optimum pH range of 
1«8 to 2 for pepsin. 
Inhibition of Peptide Bond Synthesis 
Selection and properties of the test substances 
Preliminary to discussinb the results obtained from the 
inhibitor studies, it miglrit be well to consider the reasons 
for having selected these compounds and to conjecture br iefly 
as to their nature and probable modes of action. 
The compounds which were tested as potential inhibitors 
of peptide bond synthesis were selected, in the main, because 
of previous indications in the literature that they, or their 
analogs, were capable of inhibiting the proteolytic activity 
of papain. It was therefore of interest to determine whether 
similar inhibitoi'y effects v^ould he demonstrated againat the 
synthetic reactions. A few of the compounds were studied 
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because of evidence in the literature that they were either 
i» vitro or vivo inhibitors of enzymes related to papain, 
e.-., cathepsins, sulfhydryl containing: enzymes, etc. In 
aorae instances, there waa little or no previous evidence that 
the compounds were inhibitory. 
An individual treatment of each of the compounds studied 
is j^iven in detail below. 
lodoacetic acid. Dickens (111) has suggested that iodo-
acetic acid probably functions through alkylation of sulf­
hydryl i_;roups as is illustrated below: 
+ I-Cilg-GOOII ^ R-S-CHg-GOOH + HI. 
He further reported that brorao and chloroacetic acids reacted 
similarly, but at slower rates. The ratios of reactivity of 
the various halogen compounds v/as I:BriGl = 15i9;0,15, 
Bersin and Lo^^emann (65), and Greenbers Winnick (75) 
have indicated that the action of iodoacetic acid is not 
reversed by cysteine, £111 glutathione and cyanide. Maschmann 
(112) reported that papain, inactivated by iodoacetate, was 
reactivated after ethanol j^rocipitation; Greenberg and Winnick 
could not duplicate these results. Michaelis and Schubert 
(113) have shown that iodoacetate can react with aromatic and 
(111) Dickens, Biochem. J., 1141 (1935). 
(112) Maschmann, Biochem. 279, 225 (1935). 
(113) Michaelis and Schubert, J, Biol. Ghera., 106, 331 (1934). 
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aliphatic amine groups as followss 
R-NHg+I-GHg-COOH—^ R-N(CH2 COOH)g+HI. 
This reaction is slower than the one involving SH groups. 
Pichloroacetyl-D^valine. The reasons for the investiga­
tion of this compound were two-fold. In the first place, the 
compound was investigated aa a possible analog of iodoacetic 
acid. Secondly, it v/as studied as a possible competitive in­
hibitor of the acylaraino acids. 
Phenacyl bromide. The action of phenacyl bromid© (oj-
bromoacetophenone) and related lachrymatora and vesicants on 
sulfhydryl enaymes has been reported by Mackv;orth (114). Its 
reaction with SH groups is, in all likelihood, similar to that 
of iodoacetate, viz.: 
R-SH-fBrGHg-C-CeHs —v R-S-Ci^-C-CgHg+HBr 
lodoantline. The use of iodoaniline was suggested by 
the iiiyec ll^stion of Kocholaty and ICrejci (115) who reported 
that Clostridium hlstolyticum proteinase was activated by SH 
compounds and inhibited# to some extent, by iodoacetate, 
iodine, etc. Iodoaniline was not found to be a very effective 
inhibitor, but alnce its effect on the proteinase was equal 
to that of maleic acid, which in turn is a fairly potent 
inhibitor of papain, it was plausible to assume that it 
(114) Mackworth, Biochem. J., 82 (1948). 
(115) Kocholaty and fCrejci, Arch. Biochem.« 18, 1 (1948). 
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(iodoanillne) migbt show stronger inhibitory properties 
against papain. It was also conceivable that iodoaniline 
might react, competitively witii aniline in the anilide 
syntheses, although this was rather 'unlikely in view of the 
concentration ratios employed. 
Phenylmercuric nitrate (basic). He Herman and Perkins 
(67) demonstrated that papain was inhibited by mercxiri-organo 
compounds, e.g., C0H5HgOH, CsHsHgCl, etc. They postulated 
the formation of mercaptides, as given in the reaction be lows 
En-S,H+X-HgCgH5—^ En-S.-HgCgH5+ HX (where En = enzyme) 
The inactivation of papain was reversed by cysteine, hydrogen 
sulfide and hydrogen cyanide. Cook and associates (116,117) 
inhibited the activities of several respiratoj^y enzymes with 
phenylmercuric nitrate; the effects were reversed by cysteine 
and homocysteine. 
Copper sulfate. The Inhibitory action of cupric ion on 
papain was studied by Hellerman and Perkins (67) who suggested 
that it probably catalyzed the oxidation of SH groups to 
disulfide linkages, Bernheim and Bemheim (118) indicated 
that cupric ion reacts readily with cysteine, probably by 
(lie) Cook, Kreke, McDevitt and Bartlett, J. Biol. Chem., 
162, 43 (1946). " 
(117) Cook, Perisutti and Walsh, ibid., 162, 51 (1946). 
(118) Bernheim and Bernheim, Gold Springs Harbor Symposium 
Quant. Biol., 7, 17?~Tl943). 
-126-
catalyzing the oxidation of SH groups to both dlaulflda 
linkages and higher oxidation states of sulfur. 
Potaaaium fegricyanide» The effects of potassium 
ferricyanide on papain were also investigated by Hellerman 
and Perkins (67)• They reported that the inactivation of the 
enzyme vraa probably due to the oxidation of sulfhydryl groups 
to disulfide linkages; cysteine, added in jgufficient quantity 
to the enzyme solution, protected papain from the inactivating 
effects of the oxidant, 
Malelc acid» The Inhibitory effect of maleic acid on 
papain haa been denonstrated by ?5organ and "Priedraann (119), 
G-anapathy and Sastri (120), and Greenberg and Winnick (75), 
Morgan and Friedmann (121) have sugi^e^ted that an addition of 
sulfhydryl groups to the double bond takes place, vlz.s 
HOOC-CH=GH-COOH + RSH CHo-GH-S-R f HoO 
/ 1 
GOOH COOH 
Greenberg and flinnick believed the action was oxidation of 
SH groups by maleic acid with a corresponding reduction of the 
maleic acid to succinic acid* They further indicated that the 
reaction was reversed by cysteine and cyanide. 
Pumarlc acid c This compound was selected in order to 
determine whether the trans-isomer of maleic acid would inhibit 
(119) Morgan'and Friedmann, Biochem» J., 862 (1938). 
(120) Ganapathy and Sastri, ibid., 1175 (1939), 
(121) Morgan and Friedmann, ibid», 52, 733 (1938). 
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papain. No evidence was found In the literature to indicate 
that fumaric acid reacted with sulfhydryl groups or was in­
hibitory to SH enzymes, Hopkins and associates (122) found 
that fumaric acid did not inhibit succinic dehydrogenase 
(an SH enzyme) whereas malelc acid did. They further found 
that fumaric acid pi'otected succinic dehydrogenase from 
oxidation by oxidized glutathione. 
2-Hydroxy-5-methylacrylophenone. Geiger (123), in an 
extensive study of thirty-five «?<, (3 -unsaturated ketones, in­
dicated that almost all of the corapoTands had marked anti­
bacterial and antifungal properties, as well as the ability 
to Inhibit SH»enzymes. Of these compounds, 2-hydroxyacrylo-
phenone and its derivatives were among the most active. Pre­
vious studies by Geiger and Conn (124) indicated similar 
properties for the antibiotics clavacin and penicilllc acid, 
which possess the general structure of -unsaturated 
ketones. They suggested that the following reaction took 
place between 1±ie unsaturated ketones and sulfhydryl com-
where R]_ was an aryl group and Rq or Rg (or both) was hydrogen. 
(122) Hopkins, Morgan and Lutwak-Mann, Biochem. J., 32, 1829 
(1938). 
(123) Geiger, Arch. Biochem., 16, 423 (1948). 
(124) Geiger and Conn, J. to. Chem. Soc., 67, 112 (1945), 
pounds I 0 H 
R2_-C-C=C^ 
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p-Benzoquinone, The Inhibitory effect of p-benzoquinone 
on papain was demonstrated by Bersln and Logemann (65) and by 
Hoffmann-Ostenhof and Blach (125). The former group reported 
that the inactivation was irreversible. Hellermann and Perkins 
(67) suggested that quinone reacted with aulfhydryl enzymes 
in two wayss (1) oxidation; and (2) addition of SH groups to 
the double bonds. They further indicated that the inhibition 
of papain by p-benzoqulnone waa reversed by cysteine, etc., 
and concluded that it was the oxidation reaction that pre­
dominated. Snell and Weissberger (126) postulated that the 
following reactions took place: 
0 
H 
0 
a. +2RSH 
0 
+ R-S-S-R, 
0 
H 
0 
b. 
QE 
+ RSH 
V 
0 
SR 
hS/^H 
OH 
(125) Hoffmann-Ostenhof and Biach, Bxperientia> 2, 405 (1946) 
(126) Snell and V/eisaberger, J. toe Ghem. Soc.> 61^ 450 
(1939). 
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Hoffm^n-Oatenhof (127) haa auggeated a possible reaction with 
amines, viz: 
0 
H-
B + IHg-R > 
H 
0 
I 
0 H 0 
H 
2-Methy 1-14~naphthoquinone bisulfite. The reaction of 
bisulfltes with 2-methjl-l,4-napthoqulnon© (synthetic Vitamin 
K) has been formulated by Moore (128) as followss 
0 
1.4 addition etc. CHg 
+ MfiSOg 
—r-
The compound la water soluble and capable of yielding the free 
quinone on reversal. The ability of the quinone to react with 
sulfhydryl compounds, auch as cysteine, haa been demonstrated 
by Fieser (129); thiol ethers were formed. Potter and DuEois 
(130) have reported that Vitamin FC inhibited succinic dehydro­
genase (an SH enzyme); however, it was only one-tenth as 
effective as p-benzoquinone. The inhibition of choline 
(127) Hoffmann-Ostenhof, Experientia, 3, 176 (1947). 
(128) Moore, J. to. Chem. Soc., 6S, 2049 (1941). 
(129) Pieser, Ann. Internal Med., 15, 648 (1941). 
(130) Potter and DuBois, J. Gen. Physiol., 26, 391 (1942-43). 
""3.S0<~ 
acetylase "by methyl naphthoquinone as well as by the sul­
fonates of substitutec3 1,2 and 1,4-naphthoquinones has been 
demonstrated by Nachmanaohn and Herman (131). 
Sodium bisulfite. This compound was studied both as a 
control for the above der^ative of Vitamin K and to ascertain 
whether it would inhibit papain by reacting with carbonyl 
groups, the presence of which has been suggested by several 
investigators, Maeda (71) reported bisulfite inhibited 
papain; Bersin and Ijogemann (65) and Schales and associates 
(72) found that it activated the enzyme, Winnick and co­
workers (132) observed that asclapain, an enayrae similar to 
papain, was slightly activated by sodium bisulfite. Clarke 
(133) has formulated the following reaction between bisulfite 
and disulfide linkages: 
R-S-S-R + HSO3"" p R-S-H + R-S-SOg" 
This would tend to indicate that bisulfite should have an 
activating effect on papain. 
Hydroaiylamine. The investigations of Bergmann and Ross 
(69), Maeda (71), and Schales and associates (72) on hydro-
xylamine as a reagent for the carbonyl groups in papain, 
have already been mentioned in the Historical section. The 
three above groups all reported the inhibition of papain, 
either partial or complete. 
(131) Nachmansohn and Herman, J. Biol. Chem., 165, 551 (1946). 
(132) Winnick, Davis and Greenberg, J. Gen. Physiol., 23, 
275 (1939-40). " 
(133) Clarke, J. Biol. Chem., £7, 235 (1932). 
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PbenyIhydrazIme« The same investigators mentioned in 
connection with hydr'o:sylamine studied thia compound. Bergmann 
and Rosa indicated that only Papain I was Inhibited (see 
Historical). Masda reported that after 3 days contact of 
papain with phenylhydraaine, the enzyra© no longer hydrolyzed 
hlppurylamide or j^elatin. Schalea reported only partial 
inhibition of papain when eg^i albumin was used as the sub­
strate, The reaction may bo between phenylhydrazine and the 
carbonyl groups of papain, althou^ Hellerman (56) has fur­
ther pointed out that phenylhydrazsin© can also act as an 
oxidizing or a reducing, a^ent under proper conditions. 
The work of Bergmann and Praenkel-Gonrat (2) has in­
dicated that phenylhydrazine can be used instead of aniline 
as a substrate for peptide bond synthesis catalyzed by 
papain. However, phenylhydrazine would react only if cysteine 
were used as the enzyme activatorj papain which had been ac­
tivated by cyanide was inhibited by phenylhydrazine. Their 
observations regarding the failure of phenylhydrazine to 
inhibit papain-cysteine but its ability to inhibit papain-
cyanids led the above workers to the conclusion that the 
Papain I portion of holopapain (see page 28) was responsible 
for the synthetic activities. It should be noted that 
phenylhydrazliie had no Inhibitory effects on Papain II, either 
in the presence or absence of activators* 
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Barbitupjc acid« Tbiv<3 compound ^vas tested in view of the 
report of Maeda (71) that diethylbarblturic acid, which was 
claimed to be specific for aldehyde groups, inhibited papain. 
Conrad and Reinbach (134) have ahown that barbituric acid re­
acts readily with aldehydes., 
Nitroxxa acid» Deaxnination of amino gi*oups with nitrous 
acid has been studied by a number of inveatigatora (51) in 
investigationa concerning the essentiality of amino groups 
for the action of specific enzymes, Philpot and Small (135) 
have indicated that, in 1 N concentration a, the action 
(deamination) of nitrous acid on pepsin at 0^, waa complete 
in one-half hour. They further indicated that nitrous acid 
reacts with the tyrosine groups, although the reaction rate 
is much slower in this case. The reaction with tyrosine 
(phenolic) groups was postulated ass 
R-CgH^OH + HNOg 5- R-CgHg(HO)OH + HgO. 
formaldehyde. Olcott and Praenkel-Gonrat (51) have 
reviewed the literature concerning formaldehyde as a group 
reagent. They have indicated that in neutral solutions, 
the reaction of formaldehyde is predominantly with amino 
groups. The probable reaction is; 
R-1TI% + H2C=0-5- R-1T=GH2 + H2O 
The reaction can be reversed by both dialysis and dilution# 
(134) Conrad and Reinbach, Ber., 34» 1339 (1901). 
(135) Philpot and Small, Biochem. J., 542 (1938). 
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In alkaline aolutioa (pH 11) guanidyl, indole, and amide 
groups react almost as readily as amino groups. Praenkel~ 
Conrat and Olcott (136) have indicated that formaldehyde 
introduces methylene bridges between amino j^roups and labile 
hydrogen positions of phenolic and imidazole rings* 
2,5»5~Triphenyltetrazolium chloride. This conpound was 
employed aa a potential inhibitor in view of reports that it 
was readily reduced by vital tisauea, Atkinson (137) has re­
cently reviewed this v/ork. It waa conceivable that the com­
pound Rii^jht act on the aulfhydryl groups of papain, although 
Kuhn and Jerohel (138) have indicated that no reaction took 
place with cysteine or SH glutathione below a pH of 9,0, 
Mattson and associates (139) have indicated that triphenyl-
tetrazoliura chloride is reduced to an insoluble red triphenyl-
forraaizan by the following reaction: 
TTSU Praenkel-Conrat and Olcott, J. Biol. Chem«, 174 , 827 
(1948). 
(137) Atkinson, "Syntheses, Properties and Applications of 
Some Tetrazoliuia Compounds" Unpublished M.S. 
Thesis. Ames, Iowa, Iowa State College Library. 
(1949). 
(138) Kuhn and Jerohel, B e r 7 4 ,  9 4 9  ( 1 9 4 1 ) ,  
(139) Mattson, Jensen and Dutcher, Science, 106, 294 (1947). 
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R 
R-„Ho Cl~ 
! II 
\5 / 2e + 2H'"^  H-N — W = G- N = N 
C ^ I I I + HCl 
I R R R 
R 
(where R is phenyl) 
2 9 5-'Dipbenyl-5'-{p-io<aophen?l)-'tet3?agolium chloride. This 
compound was tested aa an analog, of 2,3,5-triphenyltetrazolium 
chloride. 
Chrysene. The observation by Rondoni and Beltrami (140) 
that benzpyrene inhibited animal cathepsins vitro and the 
reference by Rondoni (141) to the unpublished work of Gaetani, 
which indicated that papain was inhibited by the carcinogens, 
methylcholanthrene and benzpyrene, led to the testing of the 
related hydrocarbon, chryaene, as a potential papain inhibitor. 
In addition, the report by Rusch and Kline (142) that phos­
pholipid oxidation was catalyzed by such compounds as cysteine 
and glutathione, and inhibited by anthraquinone, benzanthra-
quinone as well as by the hydrocarbons phenanthrene, anthra­
cene, IjS-benzanthracene, etc., suggested that perhaps SH 
groups were involved in the activation and inhibition 
tl40) Rend on 3. and Beltrami, Engymologia, 3, 251 (1937), 
(141) Rondoni, ibid., 3^, 128 (1947). 
(142) Rusch and /Ilein, Cancer Research, 1, 465 (1941). 
Original not available forexamination. 
Abstracted in C.A., 35, 8080® (1941). 
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processes. Peigersbaum (143), however, has recently indicated 
that 3,4-ben3pyrenea methylcholanthrene, phenanthrene, etc., 
did not inhibit papaino 
Cholestenone-6-sulfonio acid, Ruach and Klein (see 
above) alao reported that estrogenic hormones and related 
substances, such as dehydroandrosterone, calciferol, 
cholesterol and desoxycholic acid, inhibited the oxidation 
of phospholipidea, Peigenbaum (143), however, found that 
cholesterol and ergosterol had no inhibitory effects on 
papain• 
Because of the relationships existing between cholest-
enon8-6-aulfonic acid and some of the above named compounds, 
it was tested as a potential inhibitor of peptide bond 
synthesis « 
Ethyl carbamate» Huggina and associates (144) recently 
observed that ethyl carbamate Inhibited prostatic cancer. 
It was therefore of interest to determine whether the inhib­
itory effects were due to a possible reaction of the com­
pound with proteosynthetic enzymes. 
Betain»» No reports concerned with the action of betaine 
on papain or related type enzymes have appeared in the litera­
ture. Since, however, it has been indicated (145) that 
(143) Feigenbaum, 'Exptl. Med. Surg., 2, 304 (1947). 
(144) Hugginsp y!\, and Jones, Science, 106, 147 (1947). 
(145) Bodansky, _J. Biol. Ohem», 165, 605 (1946). 
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glycine and its derivatives, e.g. dImethyIglycine, inhibited 
phosphatase and that glycine Inhibited urease (146), it waa 
of interest to examine betaine (trimethyIglycine) for possible 
inhibitory properties® 
Goumarin* Thimann and Bonner (147) recently indicated 
that both coumarin and the antibiotic, protoaneaonin, inhibited 
the growth of oat coleoptiles and pea stems. The fact that 
such effects were similar to those produced by iodoacetate, 
arsenite and or^ano-mercuriala led them to su^-gest that the 
action was probably on SH enzymes. Consequently, coumarin 
was tested for SH reactivity on papain. 
ladoleacetic acid. The testing of indoleacetic add as 
a possible papain inhibitor was prompted by reports of Scudi 
and Jelinek (148), and Smith (149). The former group indi­
cated that amorphous penicillin inhibited the sulfhydiyl 
enzyme, urease, whereas crystalline penicillin had no effects* 
The latter workers observed that amorphous penicillin inhib­
ited the germination of radish seeds and found that this 
effect was due, in the main, to the presence of Indoleacetic 
acid. It v/as therefore conceivable that indoleacetic acid 
(146) Kato, Blochem. Z. 156, 498 (1925). 
(147) Thimann and Bonner, Science, 109, 444 (1949). 
(148) Scudi and Jelinek, ibid., IQO, 312 (1944). 
(149) Smith, ibid., 104, 411 (1946). 
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was the factor responsible for the inhibition of urease and 
the use of thia compound aa a potential SH reagent was in­
dicated • 
Puroic aoid« Smith {see above) also reported the 
presence of furoic acid in amorphou.s panicillln. It too was 
tested as a possible SH inhibitor, 
o-Iiydroxyphenylacetic acid « The isolation of ^ -hydroxy-
phenylacetic acid from amorphous penicillin by Pischbach and 
associates (150)# when correlated with the above cited work 
of Scudi and Jelinek, su^aj^ested that thia compound be tested 
as a possible SH inhibitor. 
Carboallyloxy-^felutamlc acid» As has already been indi­
cated» the failure of this compound to react with aniline 
under the catalytic influence of papain suggested that it be 
tested for possible papain inhibiting; properties* 
Comparison of inhibltoris 
In a discussion of the abilities or non-abilities of the 
compounds studied in the work reported herein to inhibit pep­
tide bond synthesis, as catalyzed by papain, it is necessary 
to consider the possible reactions they may have undergone 
and attempt to evaluate the effects of such reactions on the 
overall synthetic process* 
TTSO") Plachbach, ¥tale, and Levine, Science, 106^ 373 (1947). 
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Mention has already been made In the Historical section 
that a substance may Inhibit an enzymic reaction, non-compe-
titively, by reaction with certain "essential groups" of the 
enzyme. ¥?hile it has not been experimentally established 
that the type of inhibitions encountered in the present 
studies were non-competitive, it is reasonable to assume, in 
view of the structural diasimilarlties be-»-.ween inhibitors 
and substrates, that such was probably true in the majority 
of cases. It was further Indicated in the aforementioned 
section, that an enzymic reaction could be inhibited by 
destruction of essential activators of the enzyme. Converse­
ly > of course, the presence of a sufficient concentration of 
activators may well diminish the effecta of potential in­
hibitors. In view of the data presented in the Results 
section (Table 7), which substantiated the previous obser­
vation by Bergmann and B'raenkel-Conrat (2) that cysteine 
was essential for the proteosynthetic activities of papain, 
it becomes evident that in an evaluation of the various 
compounds studied, due consideration must be given to the 
fact that cysteine was present in the reaction mixture. 
The possible reactions of the compounds tested with 
either or both of the substrates {acylaraino acid and 
aniline) are also factors which must be weighed. Indeed it 
is quite conceivable that a reaction can be Inhibited by 
removal or destruction of the substrate; on the other hand 
if a substrate, capable of reactin;^ with an inhibitor, Is 
-159« 
present in sufficient concentration to completely inactivate 
the inhibitor without Itself undergoing marked diminution in 
concentration, it might then be expected that no inhibition 
would be noted. 
Prom the foregoing it is apparent that in considering 
the various means by which the aubatanees studied might have 
acted as inhibitors or have had their inhic-itory powers 
diminished, the relative concentrationa of the components of 
the reaction system are quite important. An additional fac­
tor, that of the relative reactivities of the substrates and 
the teat substances with the enzyme must also be considered. 
Prom the latandpoint of kinetics, if both substrate and in~ 
hibitor were added to an enzyme-oontaining solution at the 
same time, the degree of inhibition would then be dependent 
upon the relative reactivities of the substrate and the 
inhibitor with essential groups or active centers of the 
enzyme. Thus if the substrate reacted at a much greater 
rate than the inhibitor, little or no inhibition would be 
expected. If the reactivities were comparable, an inter­
mediate degree of inhibition mi^ht result. If the inhibitor 
had the greater reactivity, then almost complete inhibition 
would be predicted."®^ All of the above mentioned factors, 
i.e. reaction with the papain, reaction with the cysteine. 
The foregoing assumes that the enzyme is the limiting 
factor. 
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reaction with the substrates and relative reactivities of 
inhibitors and substrates with the enzyme, must then be con­
sidered in an evaluation of the results obtained in the 
present study. 
Reference to the results tabulated in Table 4, reveals 
that dichloroaoetyl-DL-valines ethyl carbamate, betaine, 
indoleacetic acid, furoic acid, o-hydroxy-phenylacetic acid 
and carboallyloxy-_^glutamic acid failed to inhibit either • 
of the two synthetic reactions. In view of the lack of 
experimental evidence for possible modes of actions of these 
compounds, their failures to inhibit can probably best be 
explained with the assumptions that they were either incapable 
of reacting with any of the other components of the reaction 
system or that if any reactions did result they did not take 
place to extents which would markedly affect the synthetic 
processes. 
The failure of either chrysene or cholestenone-6-aulfonic 
acid to Inhibit an Hide formation is not surprising in light 
of conflicting evidence in the literature (see above individ­
ual discussions of these compounds) regarding the inhibitory 
properties of related compounds. It is conceivable that, 
under the conditions employed herein, these compounds did 
not react to a sufficient degree with any of the components 
of the reaction mixture. The failure of coumarin to inhibit 
the rsadtlons does not necessarily invalidate the suggestion 
-14:1-
of Thiraann and Bonner (147) that this compound reacted with 
SH enzymes. In the first place coumarin may be a rather weak 
SH reagent and incapable of reacting markedly or rapidly with 
the SH groups of cysteine or papain# Secondly, under the 
in vivo conditions employed by Thiinann and Bonner, a much 
more sensitive SH enzyme system or systems, without the 
protective effects of relatively large concentrations of 
aulfhydryl activators, may have been inhibited. 
In view of the observation by Hoffmann-Oatenhof and 
Biach (125) that ^ -bensoquinone in quite low concentrations 
(0«0001 M) inhibited the ability of papain or papain-HGN to 
digest gelatin, the failure of this compound to markedly in­
hibit the synthetic reactions was somewhat unexpected. 
However, in the previous discussion devoted to ^ -benzoquinone, 
it was pointed out that the compound can either add or oxidize 
SH groups J, and that the latter effect is readily reversed by 
cysteine. It is thus conceivable that the cysteine functioned 
rather effectively in dirinishing the inhibitory action of 
^-benzoquinone both by reversing any oxidation of the SH 
groups of papain and by adding to the double bonds. If such 
reactions did take place, they apparently were far from 
quantitative, since complete reaction of the cysteine with 
the quinone would have reduced the concentration of the 
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Mackwortb (114) bais also indicated the deslrabil3.ty of such 
preactivation of papain by cysteine, in studios concerned 
with the inhibitory effects of sulfhydryl reagents. 
In contrast with the results obtained with ^ g-benzo-
quinone, those obtained with 2-methyl-l,4-naphthoquinone 
bisulfite indicate that this compound, at a corcentration of 
0,01 M, was quite an effective inhibitor of both synthetic 
reactions, Whether the strong inhibitory effects can be 
attributed to the structure of tho compound per se or to the 
fact that it ia capable of reversibly dissociating to yield 
the free quinone and bisulfite (see under the discussion of 
this coinpound), and that the latter compound actually in­
hibits the reaction, la not knowa. In reference to sodium 
bisulfite, the results of Table 4 which indicate strong in­
hibitory powers at concentrations of 0,01 M and 0»001 M, 
emphasize the need for studying the free quinone in order to 
determine whether it possesses any inhibitory powers. 
As has been mentioned in the discussion devoted to the 
mode of action of sodium, bisulfite, its ability to reduce 
disulfide linkages to sulfhydryl groups implied that the 
compound should function as an aotlvators It is therefor© 
necessary to consider other possible reactions. In light of 
the results obtained (Tables 4 and 5) consideration must be 
given to the suggestion of Bergmann and Rosa (69) and the 
conclusion of Maeda (71) that papain contains an aldehyde 
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group. The 3a tter worker reported that aodlum bisulfite in­
hibited the hydrolysis of gelatin by papain, after the enzyme 
had firat been pretreated for 24 hours with the carbonyl 
reagent. 
However, in view of the obaervationa of Sizer and Tytell 
(151), that the activity of urease (a sulfhydryl enzyme) was 
markedly influenced by the oxidation-reduction potential of 
the reaction mixture, it is of interest to speculate as to 
the applicability of their findings to the present eaae« 
Aocord3.ns to these workers urease exhibited its maximum ac­
tivity in the presence of 0,005 M cysteine or at about Sh+5. 
In the presence of strong oxidizing agents, e.g. potassium 
permanganate or potasaium ferricyanide, or of strong reducing 
agents, e.g. aodiura sulfide or sodium hydrosulfite, the ac­
tivity of the enzyme dropped sharply. Plots of the enzyme 
activity against the oxidation-reduction potential of the 
reaction niizture j^ave curves similar to the typical pH-
activity curves for enzymes. Such results led the authors 
to suggest that the control of o^tidation-roduction potentials 
as well as of pH may be important in some enzyme reactions. 
Since Sizer and Tytell have implied that differences in oxida­
tion-reduction potentials may similarly affect papain, it is 
plausible that the sodium bisulfite may have so altered the 
(151) Sizer "and Tytell, J. Biol. Chem.. 158, 631 (1941). 
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potential of the reaction mixture as to actually reault in an 
appreciable deactivation of papain. 
Of further interest I3 the work of Fruton and Bergmann 
(152) which indicated that papain, previously activated with 
cysteine, had {greater enssymatic activity toward benaoylargin-
inamide and carbobenzozyisoglutamine than cyanide ti^eated 
papain. Although the authors Interpreted these results as an 
alteration of specificity, and considered the activators as 
coenaymes, it aeeras likely that the differences may have 
actually been due to changes in the oxidation-reduction 
potentials of the reaction mixtures. The work of Siaer and 
Tytell and of Fruton and Dergmann suggests the determination 
of the effects of altering redox potentials on the activity 
of papain* It is also of interest to speculate aa to whether 
the optimum redox potential would bo dependent upon the 
nature of the substrate. 
With reference to the presence of aldehyde groups in 
papain the results of studies oonducbed with the other car-
bonyl reagents, phenylhydraaine (Table 4), bydroxylamine 
(Table 4 and 5) and barbituric acid (Table 5), need to be 
e>jamined. The fact that phenylhydraJiine did not Inhibit the 
anilide syntheses was.not linexpected in view of the afore­
mentioned observations of Bergraann and Fraenkel-Oonrat (2) 
"(T52) ITruton and Bergmann, J. Biol« Chem. a 133, 153 (1940). 
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that phenylhyds'azine can be utilized Instead of aniline for 
the enayiuic syntheses of phenylhydra2i;id8s and that phenyl-
hydrazine inhibited only Papain I-HGI? and not Papain I-
cysteine# 
The results obtained with hydroxylaralne, especially those 
in Table 5, tend to indicate that this carbonyl reactor, at a 
conoentration of 0»01 M, was a rather effective papain inhib­
itor. Conceivably the inhibition raay have been due to a re­
action with carbonyl groups in papain, which the cysteine 
•vms incapable of preventing although oxidation-reduction 
effects as considered for bisulfite may have been involver]. 
The observations that the synthetic reactions were inhibited 
to a greater degree when the papain was pi^etreated with 
hydroxylamlne (compare results of Tables 4 and 5) may indicate 
that the corapound had, during the pretreatinent period, reacted 
to such extent v/ith the enzyme as to appreciably reduce the 
concentration of unaltered enzyme and thua the rate of the 
synthetic reactions^ 
Although barbituric acid inhibited the aynthetlc reactions 
to some extent, (Table 5) it was not a very potent inhibitor. 
This may have been due to a slo?j rate of reaction between the 
inhibitor and an essential group, perhaps an aldehyde group, 
of the enzyme. Maeda (71) found that papain treated for 40 
hours with dlethylbarbituric acid inhibited the hydrolysis of 
hippurylamide completely, but had very little effect on the 
hydrolysis of gelatin. 
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Tbe results obtained with the tetrazollum salts (Table 
4) are of interest, because it is believed that in part the 
inhibitory effects may have been due to the reacU on of theae 
compounds with the acylamino acid substrates, especially 
carbobenssoxy-Jj-i^lutamlc acid. This \?as evidenced by the 
forraation of an oily deposit on addition of the acylaralno 
acid solution to the solutions containing the tetrazollum 
coTTipounds. f/hile the nature of theae reaction products has 
not been established, it is plausible that they are polar 
compounds (salts) formed by the interaction of the positive 
nitrogen atom of the tetrazollum compound and the carboxyl 
groups of the acylaralno aclda. It should be noted, however 
that the extents of Inhibition of the synthesis of carbo-
benzoxy-^glutamic acid anillde by 0.01 K 2,5,5-triphenyl-
tetrazolium chloride and by 0»01 M 2^S-diphenyl-S-(j)-iodophenyl) 
-tetrazoliuEi chloride, of 52 percent and 31 percent respective­
ly, were ^ve&tev than can be accounted for on the basis of a 
quantitative reection between theae compounds and the acylamino 
acid, which was present in a concentration of 0.1 M. Presum­
ably, then, the tetrazollum corapounds nay have reacted -with 
other components of the reaction mixtm'e. The fact that red 
colored compounds character'istic of the reduced forms 
(formaaans) of the tetrazollum salts v/ere obtained, seemed to 
indicate that reactions with the cysteine nay have taken 
place. Although such reactions would be contrary to the 
observations of Kuhn and Jerchel (138) which Indicated that 
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cysteine did not rodiaco triphenyltetraaolium chloride, it is 
conceivable, that •under the conditions employed in the present 
inveatigation# rediiction may have taken place to a limited 
ezten t. 
icq explanation can be advanced for the observation that 
the gyntheaia of carbobensoxy-L-glutaiaic acid was inhibited 
to a greater extent by both tetrazolium compounds than was 
the synthesis'of benzoyl-I>leucinanilide, unless these dif­
ferences are bound in sone way to the apparent differences 
in the reactivities of the tvYO acylarnino acids with the 
tetrazolimn corapoundfi. Perhaps the differences in pH of the 
tiHTo reaction mixtures were also contributinj^ factors. 
Aldona (15S) in a recent study of the effect of" pH on iodo-
acetic acid toxicity to yeast cells, signified that pH also 
playfi an important role in enssymo-inhibitor reactions since 
the inhibitor was shoir/n bo be more effective below pH 5, 
Such results suggest that there m&j also be an optirauai pH 
for the inhibition of an onzyuio by an inhibitor. Possibly 
char.gaei ic the oxidation-reduction potentials of the reaction 
mixtures by the tetrazolium'compounds.may have contributed, 
in part, to the differences. 
Consideration of the results obtained (Table 4) in 
studies concerned v;ith 2-^hydroxy-5-metlylacrylophenone, 
^-iodoaniline, and basic phenylmercuric nitrate Indicates that 
(155) AldonSj J. Biol. Chem.y 176, 82 (1948). 
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tlicse Gompounda apparently inbibited the ayntheaia of 
benzoyl-L-Isucinanllide to a greater extent than that of 
carbobenzoxy-^Slutanilc acid anilide. On the other hand 
pbenacyl broroide, maleic acid, and fumaric acid v^ore more 
potent inhibitors of the formation of the second named cora~ 
ponnd• These variations jnay have been due to the difference 
existing between the pH of the two reaction mixtures, i.e, 
4.95 for the glutamic acid derivative and 5,75 for the leucine 
compound, a factor which might have altered the reactivities 
of the Inhibitora with papain or cysteine,'^ 
A rather interesting ^ necoanism to account for the 
variation in the degrees of Inhibition of an enzymic reaction 
\7ith the nature of the substrate has recently been advanced 
by Singer (154) who observed that the percent of inhibition 
of 7;heat ^^ertn lipase by a fixed concentration of p-chloro-
mercuribenzoate (a sulfhydryl reagent) varied vAth the 
structure of the aubatrate ester» S-ince the extent of in­
hibition varied direot3-y -"ffith the molecxilar sise of the sub-
striste, f^^inger suggested that sulfhydryl reagents nay possibly 
interfere sterically v/ith the approach of the substrates to 
"i The same explaniation, and others to follow, may be appli­
cable to the previously noted observation that 
^-bensoquinone (Table 5) inhibited the synthesis of 
the leucine compound to a greater degree than that 
of the glutamic acid compound, 
(154) Singer, J. Biol. Cbem«, 174, 11 (1948)» 
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the active surface of the enzyme. It seem? likely that a 
similar mechanism mi^jbt be invoked to interpret the results 
obtained vj-ith the above mentioned compouniaa« However, Singer's 
mechanism requires some modification since it implies that the 
order of the degrees of inhibition of reactions involving dif­
ferent substrates would remain unaltered despite changes in 
the nature of the inhibitor. It la thus necessary to aaautne 
that different inhibitors in reacting with a apecific group 
of the enzyme may so orient themselves with respect to the 
active surface of the enzyme that they may tend to hinder the 
approach of one substrate more readily than another; the 
order of these effects may vary with the nature of the in­
hibitor. It seems desirable to verify this assumption by 
employintb more acylamino acid substrates than in the work 
reported here. 
The observations that fumaric acid markedly inhibited 
the synthesis of carbobenzoxy-J>t^lutamic acid anillde with 
but little effect on that of benzoyl-L-leuclnanilide, whereas 
maleic acid (0.01 M) inhibited both reactions appreciably 
were of Interest. The work of Hopkins and associates (122), 
which Indicated that fumaric acid did not Inhibit succinic 
dehydrogenase, whereas maleic acid did (presumably by reaction 
with SH groups) may be cited as evidence that fumaric acid 
may have functioned differently in the inhibition of the 
anllide synthesis than did maleic acid. These workers further 
indicated that fumaric acid as well as malonlc acid and 
EUGcinic acid protected the; dehydroi^eriafie fron oxidation by 
oxidised tilutathior.e (GfvC.G); they enphasized the fact that 
tliese were dicarboxylic acids. 
Potter and DuBois (130) alfio noted that malonic acid 
protected succinic dehydroejonaso rror.i the actiun of various 
sulfhjdryl reactors. pQ?tu?t.ated that the two carboxyl 
i^roups of raalonio acid, 1'iy uri' tin^j w/a th ^j^oupa adjacent to 
the sulfbydryl ^^roups of the oiiyjyme, G.^, -F-ri, formed a 
protective bx'idt^e over the SlI jjiroupS;, and thus prevented the 
approach of the sulfhydryl reafjents. It should be pointed 
out since malonic acid is a knoym competitive inhibitor of 
succinic acid, that the ^roups to v/hlch it had becosie 
attached veere probal-ly tivjce v/hich .tiake up the active contera 
of the enzyme« Conceivubly then fu.raaric acid is capable of 
rtactin^, with these sarie j^roupa, although, it apparently does 
not function au a conpetitlvc i,)hIb'itor of auccinlc dehydro-
i ^enase.  
In viev/ of the oteorvationo of the aforerr.entioned in~ 
vefj tlt_,y.tora, ib aeems likely that famaric acid nay have 
siinilarly united, not -.vlth the sulfhydryl (groups papain, 
but with other ^^ roups essential for the forraation of iiie 
enzyrne-Bubatrate cowplcx» 'scause of the similarity in the 
atructure of fumaric aoid and tolutaralc acid i.e. t?/o carboxyl 
groups, it la plausible that fumaric acid functioned as a 
competitive inhibitor of the synthesis of carbobenzoxy-L-
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glutamic acid anilide. Such proposal, of course^ requires 
testiritj by -means of kinetic studies, studies of reversal 
ratios, variation in the nature of the acylglutamic acid and 
perhaps variation in the clicarboxylic acid used as the In­
hibitor. The proposal would o.lao seem, to indicate thnt deri­
vatives of moi':oa\iiinoTnoA'ocarboryllo acids vfould requl.re dif­
ferent active centers, unlej;rj thepe deriv.qtiven were capable 
of dlsplaciKtj fuinaric acid froit the active ^^roups to which 
it v/as attached. 
The pronouncoc inhibitory effects noted with 0,01 !-.T 
copper sulfate (Table 4) and fJ.Ol T.T potasaiun ferricyanide 
Vs-erc probabl3'- due to the oxidation of ?aalfhjdryl groups of 
both the papain and cysteine* Tlie fact that theae effects 
v.rere noticeably lens at COL centrationr? of 0«001 nay be 
lllu?, l-rative of the protective .':^cticin of the cysteine on the 
onayi-o. It is likely, tVjnt slterationo in the oTcidation-
rcduction potentials of the roactlon rilxturoc we-'o also in­
volved. In reference to the inhibitory aotion of nitroii?? acid 
(Table 5), the results cannot be taken as evidence that amino 
i^roups are eanenti^.l for the synthetic activity of papain, 
since reaction with the cynteine, undoubtedly, took place as 
vy-ell, Similar reasoning;,, Ttay be applicable to the onse of 
formaldehyde (Table 5). Such results indicate the desirability 
of trQatln<i papain with various -roup reagents and separating 
the treated enzyme from the rearents, previous to the addition 
of the normal components of the reaetion mixtvire."^ '" 
The extremely potent Inhibitory poxver of iodoscetic scid 
in emphafiised by the results of Table 4. It is, hov/evor, 
difficult to exploir! the fact that the haloaeid at a concen-
tretlor: of 0«00001 M Inhibited the reactions completely, 
•t tj 9 
denpite the prerence of a relatively hi£;h (0.008 concen­
tration of CT^steine. Pince both enzyme and activator were 
added simultaneov.aly to the inhibitor containing solution, the 
reatiltg indicate thnt the reaction of iodoacetic acid with the 
SH (^roups of papain may have yroceeded at a tremendously 
^rerter rate than 77ith that of cyp.teine. 
In contrast to the rerults of Table 4^ those pre^iented 
In Tsble 6 indicated thr;t the extent of inhibition of pnpain 
b;^ iodoacetic acid varied rith the n^ttire of the sub.=ttrate. 
The fference in the pH of the trro repctJon mi^ xturep r-ii^ ht 
hs?ve accoTanted for the I'-nrio,-''^ ona, although the previously 
cited '-'Ork of Ale!onF (153) would au^r^ert that the ^'ynthepia 
of carbobenz:oxy~rr-jluta3n5 c acid anilide should have been the 
morn hij_:hly puppreaped. It Ir plausible that the amounts of 
iodoncetlc acid v.sed -sArero inaufflclont to react completely 
v;5.th all the papo.inj and thrit a ftmall enough q';.antity of 
free en?;yTne remained to catalyze the synthetic reactions 
albeit at a glower rate, '.Towever^ under these conditions, 
Ik Studies of this nature are in progress in these laboratories. 
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both syntheses should have proceeded to approximately the same 
extent since Figure 5 has sho"wn marked aimilarity in the rates 
of the t^TO reactions» Conceivably, the rates of the two re­
actions may differ from each other at lower levels of enzyme. 
It ia also likely that the differences may be due to variable 
aterXc effects produced by the iodoacetic acid, such that 
carbobenzoxy-I^glutaHiic acid is capable of complexing with 
the altered enzyme more readily than benzoyl-I^leucine, 
The data of Table 7, give evidence that differences in 
the relative reactivities of the substrates, dependent on the 
state of activation of the enzyme may exist. Apparently both 
synthetic reactions proceeded at equal rates in the presence 
of cysteine, however pronounced differences were noted after 
24 hours in the extents of the reactions in the absence of 
cysteine. Such results indicated that cysteine may not be 
required to the same extent as a papain-activator for both 
reactions. Possibly the differences in the pH of fee two 
reaction mixtures may have been involved. 
The results of the foregoing investigations have con­
firmed the value of employing simple synthetic substrates for 
studying both the synthetic and hydrolytic activities of the 
enzyme papain. The studies concerned with the inhibition of 
peptide bond synthesis suggest extension of the work to 
additional acylamino acids. In order to eliminate the possible 
confounding effects of variations in the pH, which may have 
accounted for the differences in the extents of inhibition with 
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cbange In substrate, the reactions could either be carried out 
at a uniform pH, or substrateej having approximately the same 
pH optima might be used. In addition, it i^ould be of interest 
to utilize the corresponding acylamino acid amides as hydro-
lytic substrates in conjunction ?dth the inhibitors^ in order 
to correlate the effects of the inhibitorr, on the abilities 
of papain to synthesize and h;7drolyze peptide bonds® 
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SUMMARY 
The syntheses of a number of acylaraino acids have been 
described and the effects of altering experimental conditions 
on the papain-oatalyzed syntheses of the corresponding acyl-
amino acid anilides were studied. The factors investigated 
included: variation of the nature of the acyl group (benzoyl, 
^-nitrobenzoyl, carbobenzoxy and carboallyloxy), variation in 
the nature of the amino acid residue (glycine, PL"valine, 
leucine, and ^glutamic acid), variation of the pH (from 
ca. 3»0 - 5.6) and variation of the citrate buffer concentra­
tion (1.0 M and 0.1 M)o The extents of hydrolysis of the 
amides of benzoylglycine, benzoyl-DL-valine and benzoyl'-DL-
leucine by papain at pH 5,0 in 1.0 M and 0.1 M citrate buffers 
were also determined. 
The efficacies of various substances as inhibitors of 
the papain catalyzed syntheses of carbobenzoxy-^glutamic acid 
anilide and benzoyl-L-leucine anilide at the pH optima of the 
syntheses, and in 1.0 M citrate buffers have been tested. 
Various group reagents were employed in attempts to determine 
the essentiality of certain groups of the enzyme for its 
synthetic ability. 
1. The pH optima for the syntheses of all the acyl-L-
glutamic acid anilides were lower, in both 1«0 M and 0.1 M 
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citrate buffers than the optima for the anilidea of the 
corresponding acyl derivatives of glycine, ^ valine and If 
leucine. The former values were in the range of pH 4»1 to 5.0« 
2. With but few exceptions the pH optima for the acyl 
derivatives of the monoaminomonocarboxylic acids Increased in 
the order: acylglycine, acyl-DL-valine and acyl-DL-leucine« 
These values fell in the range of pH 4o2 to 6.5. 
3. The pH optima for the eyntheses of all the acylamino 
acid anilidea were from O.S to 0.9 pH units lower in the 0*1 
M buffers than the corresponding values in the 1»0 M buffers. 
4. The yields of the anilidea when 1»0 M buffers were 
employed were, in almost all Instances, greater than the 
yields of the aame compounds in 0,1 M buffers at the pH 
optima of the reactions« 
5. Garboallyloxy-^glutamic acid waa the only acylamino 
acid studied which failed to yield an anilide in either leO M 
or 0.1 M buffer solutions. Carboallyloxyglycine and carbo-
allyloxy-DL-valine did not give measurable yields of anilidea SBCsa 
in 0,1 M citrate buffers. 
6. Although variations in the nature of acyl group 
attached to any one amino acid residue resulted in changes in 
the pH optima of the synthetic reactions, the orders of the 
changes were not the aame for all the amino acids studied# 
7» The yields of the anilidea obtained by altering the 
nature of the acyl group attached to any one amino acid 
-158-
reaidtie also varied with these changes. However the effects 
were not too pronounced and, in the main, there was a greater 
dependency on the nature of the amino acid than on the nature 
of the acyl groupjs no definite order 3JD the yields v/as noted 
with variation of the acyl groups. 
8. The orders of the yields of the anilldes of the 
acylated raonoaminomonocarboxylic adds in both 1.0 M and 0.1 M 
buffers were in all cases acyl-JD-leucine acylglycine 
acyl-L-valine, The acyl derivatives of glutamic acid which 
gave insoluble products, showed yields of their respective 
anilides comparable to those of the corresponding leucine 
derivatives. Such results Indicated that variation in the 
nature of the amino acid residue altered the reactivities of 
the substrates in a definite manner and to a greater extent 
than did changes in the acyl groups. The results supported 
the view that an enzymic preference for the amino acid 
residues e^cisted. 
9. At pH 5.0 in both 1.0 M and 0.1 M citrate buffers, 
benzoyl"DL"leucinamlde was hydrolyzed ' to a greater extent by 
papain than was benzoyl-DL-valinamide* These results, when 
correlated with those of the synthetic experiments indicated 
a preference by papain for leucine residues relative to valine 
residues. 
10. The extents of inhibition of the papain-catalyzed 
syntheses of carbobenzoxy-L-glutamic acid anllide and 
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benzoyl-Ii-leucinaBilide by a number of substances varied with 
885^  
either the nature of the acylamino acid substrate or the pH 
and the time of the synthetic reaction. 
11« The degrees of Inhibition were apparently independent 
of either the nature o.f the substrate or the pH when copper 
sulfate, aodiuiu bisulfite, hydroxylamine, nitrous acid, formal­
dehyde and potasaiunx ferricyanide wer-o used as inhibitors. 
_g~1?en25oqulnone Inhibited both reactions weakly and to the same 
extent when the enzyme vsaa not pretreated with this compound. 
Pretreatment of papain with the quinone resulted in a {^reater 
degree of Inhibition of the synthesis of the acylleucinanilide, 
but did not markedly change the extent of formation of the 
glutamic acid derivative, 
12. The extents of inhibition of each of the two syn­
thetic reactions was dependent on either the nature of the 
substrate or the pF£ in the cases of phenacyl bromide, maleic 
acid, fumarlc acid, 2-"niathyl-l,4-napbi:hoquinone bisulfite, 
2,3,5-triphenyltetrazolium chloride, and 2,5--diph6nyl-5-
(p-lodophenyl)^tetrazolium chloride. These compounds in­
hibited the synthesis of carbobenzoxy-L-glutamic acid to a 
greater degree than that of benzoyl-L-leucinanilide. Converse 
results were obtained v/ith _£-iodoaniline, basic phenylmercuric 
.nitrate and 2-hydroxy-5-methylacrylophenone. Possible reasons 
for these differences aave been discussed. 
13. The papaln-catalyzed syntheses were inhibited by 
several sulfhydryl reagents (iodoacetic acid, phenacyl bromide. 
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basic phenylmercuric nitrate, maleie acid and oxidizing agents). 
S-ucb results thus indicated that sulfhydryl reagents inhibit 
the synthetic activities of papain as well as the proteolytic 
abilities as previously shown• 
14, Stiodies conducted with carbonyl reati,enta gave 
results, which when compared with previous observations sho^ved 
that these reagents were capable of inhibiting both the syn­
thesis and hydrolysis of peptide bonds* 
15« During the course of the investigation the following 
compounds previously not reported in the literatiire were pre­
pared? carbobenzoxy-jD^valine,* m«p.76-78°J carbobenzo^cy-
leu cine,"''" ra.p. 45-48°; carboallyloxT-PL-valine« m.p. 49.5-
52°; carboallyloxy-^glutamic acid, m.p. 55-58°| benzoyl-DL-
valine ethyl ester, ra.p. 65-68®j carbobenzoxyglycine ethyl 
ester, m.p. 33-34°| carbobenzoxy-DL-valine ethyl ester, 
m.p» 32-33°J carbobenzoxy-DL-leucine ethyl ester, ra.p. 18.5-
19°; carboallyloxv-DL-valine ethyl ester, ra.p. 9-11°; carbo-
benzoxyglycinamide, m.p. 136-137.5°; carboallyloxyglycinamide, 
ra.p. 107-107.5°; carboallyloxy-DL-leucinamide, m.p. 83-85°; 
benzoyl-^glutamic acid anilide, m.p. 169-171°; ja-nitrobenzoyl-
glyoinanilide, ra.p. 213.5-215.5°; ^ -nitrobenzoyl-^valinanilide, 
m.p. 215-216°; p-nitrobenzoyl-^ leucinanilide, m.p. 188-190°; 
£-nitrobensoyl-L-glutamic acid an Hide, m.p. 191-192°; 
carbobenzoxy-L-valinanilide, m.p. 182-183.5°; carbobenzoxy-
•K- Previously prepared in these laboratories by Fox and Fling 
(86) .  
-161-
^leucinanilid©,''^ m»p» 138-141^ ; carboallyloxyglyclnanilid©, 
iRsp. 134-136®J carboallyloxy-L-vallnanilida, m.p. 168-169°; 
and carboallyloxy-I^leuGinanllide, m.p, 160»5-162O» 
•Si- Previo^ isly prepared by Bergraann and Praenkel-Conrat (2) 
but melting point not reported. 
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